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1. Introduction 

The fabrication technology and commercial availability of microcantilever beams experienced a 

boost following the invention of atomic force microscopy (AFM) in 1986 [1, 2]. Commonly 

equipped with a sharp tip at their free-standing ends, the typical application for AFM cantilevers 

is to accurately render the 3D-surface topography of samples.  

Besides their widespread use for AFM, certain desirable properties of microcantilevers make 

them useful also within many other sensor applications. Microcantilever-based sensors were for 

instance used to detect a plethora of biological- and chemical species [3, 4], and to measure 

temperature [5], humidity [6], and cell mechanical properties [7]. 

The perhaps simplest microcantilever-sensor designs require only a one-side homogenous 

coating functionalized toward certain (bio)chemical analytes. Advanced micropatterning is 

nevertheless required for more complex microcantilever sensor designs, to realize for instance 

integrated piezoresistive elements, patterned passivation layers, metal electrodes, or other 

multilayered structures.  

Photolithography is a well-established technique for realizing such micropatterning even on a 

large scale, with the photoresist typically applied homogenously over the entire substrate by 

spin-coating. Unfortunately, so-called edge-bead effects of spin-coated photoresists hardly make 

reliable spin-coating of microstructures such as free-standing, and flexible microcantilevers 

possible [8, 9]. Other micropatterning strategies for microstructures have therefore been 

presented elsewhere, including for instance the use of focused ion beam (FIB) milling [3], resist 

evaporation or spray coating [10, 11], ice resists [12], stencil lithography [13], or blanket transfer 

of self-fabricated dry film photoresists [14, 15].   

In the realm of potentiometric ion sensors, the shift from ion-selective electrodes (ISEs) with 

liquid inner filling solutions, toward more or less maintenance-free ISEs equipped with solid 

contacts needs mentioning. Such solid-state ISE designs could quite easily be miniaturized by 

facile microfabrication techniques, yet surprisingly few examples of truly microfabricated ISEs 

were shown so far, even though the research interest for micro-ISEs has been present for 

years [16]. Micro-ISEs would for instance be capable tools for performing local ion-

concentration measurements in biological systems such as cells. Ion concentrations may here be 

expected to vary across the cell body, thereby providing useful information on the cell’s state.  
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2. Aim and Content of the Thesis 

The goal of the thesis was to add to the available microfabrication technologies and strategies 

for microcantilever-based sensors, with particular emphasis on polymeric microcantilever 

sensors and solid-state, ion-selective electrodes (ISEs) on microcantilevers.  

The cornerstone of the thesis was the development of a highly versatile microcantilever 

patterning strategy by so-called dry film photoresist lithography. Reliable spin-coating of already 

free-standing microstructures is known to be demanding, and the dry film photoresist-based 

technique now opens up for exploring new, and potentially more efficient microfabrication 

protocols toward microcantilever-based sensors. The possibilities within dry film photoresist 

lithography for microcantilever fabrication and patterning were thoroughly examined in this 

work. Emphasis was placed on employing mainly well-known, high-throughput 

microfabrication strategies within the dry film photoresist protocols. This ensures the usefulness 

of dry film photoresist lithography for other researchers as well as for the commercial market, 

and sets the stage toward high-volume microcantilever sensor manufacturing by dry film 

photoresist-based protocols. Some examples of microcantilever sensor designs enabled by dry 

film photoresist lithography were already demonstrated in this work, applying cantilevers made 

either from silicon nitride, or from polymeric, dry film photoresists. Within the latter, dry film 

photoresist lithography was used to expand on the already existing fabrication strategies for 

polymeric microcantilevers, but without need for any of the potentially damaging probe release 

strategies employed so far in the state-of-the-art. 

The experimental part concludes with work on microcantilever probes equipped with solid-state, 

potassium-selective micro-ISEs. Here the cantilever design readies the ISE sensors’ applicability 

toward localized ion-concentration measurements on cells, for instance in combination with an 

atomic force microscope. ISEs were so far rarely realized by microfabrication strategies, relying 

instead on pulled glass micropipettes as starting point for the sensor fabrication. The fabrication 

strategy shown here should therefore serve as a valuable contribution toward high throughput 

micro-ISE fabrication, while simultaneously expanding on the potential applications for 

microcantilever- and probe based sensors.  

 

The chapters are structured as follows. Chapter 3 provides an overview of the state-of-the-art, 

and important concepts, methods and devices relevant for the experimental work. This includes 

microfabrication strategies commonly used to realize MEMS devices such as microcantilever 

sensors, as well as relevant material characterization methods. 
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Chapter 4 serves as an introduction to the experimental work presented and discussed in two 

parts, in chapters 5 and 6.  

Chapter 5 concerns the creation of advanced microcantilever designs enabled by dry film 

photoresist lithography. Here the patterning of already free-standing silicon nitride 

microcantilevers is demonstrated, as well as the straightforward creation of polymeric dry film 

photoresist microcantilevers. Specific applications are demonstrated for both types of 

cantilevers, silicon nitride and dry film photoresists. The working principles of microcantilever-

based sensors are therefore reviewed in chapter 3.  

The second part of the experimental work, chapter 6, concerns the microfabrication of 

miniaturized, solid-state micro-ISEs on thin microcantilever probes. The working principles of 

ISEs are therefore included in chapter 3.  

Chapter 7 contains a future work proposal. The remaining challenges of this work are discussed, 

and strategies are presented on how to solve these in the future.  

Finally, chapter 8 provides a summary of the complete work.  

Detailed fabrication recipes, additional figures and data relevant to the experimental work are 

located in the appendix. 
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3. State-of-the-Art and Methods  

The current chapter provides a basic overview of key fundamental principles relevant for the 

experimental work. Introduced first are essential microfabrication methods used for instance to 

create microcantilevers and microcantilever-based sensors. Specifically, the basics of 

photolithography, etching, materials deposition, and nanowire growth- and transfer are 

reviewed. Material characterization methods frequently used in this work, such as contact angle 

measurements, atomic force microscopy (AFM), and scanning electron microscopy (SEM) are 

also discussed.  

With relevance to the experimental work, the chapter concludes with an overview of both the 

working principles of microcantilever sensors, as well as of solid-state ion-selective electrodes.  

3.1 Micro-Nanofabrication and Integration 

The following sections provide the basics of microstructuring by photolithography, etching, and 

material deposition techniques. Additive processes including metal deposition, and the growth 

of diamond, or silicon nanowires by CVD processes are emphasized with relevance to the 

experimental work. Aligned nanowire-transfer by lubricant-free contact printing is highlighted, 

as it is required later for understanding the fabrication protocol for nanowire resistors on silicon 

nitride microcantilevers (chapter 5.4.5).  

Reliable micro- and nanofabrication is hardly possible without material characterization 

techniques. SEM is used for high-resolution imaging, contact angle measurements give 

indications on the wetting behavior of materials, and AFM and surface profilometers are useful 

for determining material deposition- or etching rates, material deposition qualities, etc. These 

techniques were important for improving the quality of the microfabricated probes shown in the 

experimental work, and are therefore covered here. 

3.1.1 Photolithography 

Photolithography is the workhorse of modern microfabrication technology, and is exceptionally 

used for integrated circuit (IC) manufacturing. Moore’s law famously predicts the amount of 

transistors on an IC chip to double each second year [17], realized only by continued 

improvements to high-end, high-volume lithography equipment and technology. For research 

purposes, such expensive, high-end systems are rarely required to meet user needs. Instead, 

cheaper, simpler and more compact lithography equipment are the standard, popularly centered 
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on the mask aligner and reaching well below sub-micrometer pattern transfer resolution for select 

process parameters. 

But what is photolithography? The general principle relies on transfer of custom patterns onto a 

photosensitive polymer called a photoresist by means of local UV-exposure. The photoresist is 

first uniformly coated on the sample substrate by spin-coating. Chemical processes take place 

within the photoresist both during and after UV-exposure, either increasing or decreasing the 

solubility of the exposed resist in a special solvent known as the developer. A typical process 

flow for mask aligner photolithography is illustrated in Figure 3.1, and is explained in more 

detail below. Details on both the photoresist UV-exposure mechanism and chemistry, as well as 

different types of photoresist deposition- and exposure strategies follow after this discussion.  

 

Figure 3.1. Typical photolithography process flow. A wafer (i.e. substrate) is prepared, and 1. cleaned 

in acetone and isopropanol. 2. Photoresist is dispensed and spin-coated, 3. followed by a soft-bake on a 

hotplate. 4. The photoresist-coated wafer is locally exposed by UV-light, here using a mask aligner 

equipped with a photomask. 5. Based on photoresist tone, a post-exposure bake might be required prior 

to step 6, the photoresist development.  

 

 

1. Substrate preparation - dicing, cleaning, and adhesion promotion 

Silicon-based wafers are popular substrates, albeit the choice of substrate depends on the 

specific user needs. The substrate can furthermore be diced into custom shape and size 

to satisfy the application requirements. Substrate cleaning removes particles and organic 

contaminants from the substrate surface, where substrates without any strongly adhering 

organic contaminants generally are cleaned in a two-step process involving acetone 

followed by isopropanol. Acetone removes the organics, while isopropanol clears away 
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the contaminated acetone allowing substrates to dry without spotting. Hard-to-remove 

organic contaminants such as hardbaked photoresists require additional cleaning 

strategies, such as piranha cleaning or an oxygen plasma strip. 

Following the cleaning procedure, substrate dehydration on a hotplate removes surface 

adsorbed water thereby improving photoresist adhesion. Certain substrates and resists 

may additionally require adhesion promoters such as HMDS, or TI-Prime 

(MicroChemicals). 

2. Photoresist spin-coating 

An appropriate photoresist is chosen, depending on user requirements to thickness, 

sidewall profile after resist development, stability, and thermal properties. Photoresists 

furthermore come in two main tones; positive and negative. UV-exposed positive tone 

resist is dissolved during development, while development of negative tone resists 

dissolves the unexposed resist only. 

Homogenously thick photoresist films are typically achieved by spin-coating. The 

photoresist is dispensed on the substrate, which subsequently is set into rotation at some 

1000’s rpm to expel most of the solvent, leaving only a solid resist film. More details on 

spin-coating follow later. 

3. Soft-bake 

The soft-bake further decreases the photoresist solvent content, and prevents sticking of 

substrate and photomask during mask aligner UV-exposure, improves photoresist 

substrate adhesion, and assures the desired UV-induced reactions take place, to mention 

a few [18]. A couple of minutes waiting time are required between the soft-bake and 

UV-exposure to allow rehydration of DNQ-based resists (see following section on 

photoresists). Water diffuses back into the photoresist film during rehydration, which is 

vital for the appropriate UV-induced photoreactions to take place [18].  

4. UV-exposure 

In mask aligner UV-exposure, the sample is placed on a movable x-y stage and brought 

into contact with a pre-patterned, and partly opaque glass photomask. After properly 

aligning the substrate with the photomask, an appropriate dose of UV-light, based on 

photoresist type and thickness, is applied through the mask, and onto the resist-coated 

substrate. The mask aligner, and other photoresist exposure strategies are described in 

detail later. 

5. Post-exposure bake (PEB)  

The motivation for the PEB depends on resist tone, and sometimes a PEB is not required 

at all.  

• Chemically amplified resists, including SU-8 and the ADEX dry film photoresists 

used in this work, require a PEB to complete the UV-initiated photoreactions.  
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• Image reversal photoresists require a PEB for inverting the resist tone from positive 

to negative, followed by a UV flood exposure of the entire substrate. 

• Some positive photoresists employ a PEB for improving the sidewall smoothness of 

the developed photoresist structures. 

6. Development 

Removal of either, exposed positive tone resist, or unexposed negative tone resist, occurs 

by application of a solvent known as the developer. Developed substrates are commonly 

rinsed in water or isopropanol and dried. The resulting photoresist patterns should be 

inspected to ensure dimensions are correct, and that good mask alignment was achieved.  

7. Hardbake (optional) 

An optional thermal treatment around 100 oC is sometimes performed post-development 

to improve the physical or chemical robustness of the photoresist. Negative photoresists 

additionally benefit from a UV flood exposure prior to the hardbake, which increases the 

photoresist cross-linking density and therefore overall resist stability.  

The patterned photoresists may serve multiple purposes, but are most commonly employed as 

masks during substrate etching or material deposition. The photoresist mask is usually simple to 

remove following the completion of the process. Conversely, a patterned photoresist may serve 

as a functional material itself, for example to create microfluidic channels or passivating layers. 

Several examples of photoresists acting either as temporary masks, or as permanent structures, 

are demonstrated in the experimental work. 

3.1.2 Photoresists 

Photoresists contain multiple chemical components with unique properties, providing both 

structural stability and photosensitivity. And as mentioned earlier, they are typically classified 

either as positive or negative. Photoresists which dissolve in the developer following UV-

exposure are classified as positive, while UV-exposed photoresists which remain after 

development are negative. Additionally, image reversal resists shift tone from positive to 

negative following PEB and flood exposure. Such resists may produce negative sidewalls 

following development, which is beneficial for metal evaporation and lift-off.   

Positive and image reversal photoresists are often based on DNQ (diazonaphthoquinone) 

inhibitors. The exposure mechanism of DNQ-based photoresists is both interesting and easy to 

understand. Components of the photoresist are the solvent, responsible to the liquid state of the 

resist, the (phenolic) resin forming the structural element of the developed photoresist, and DNQ 

photoinhibitors, which decrease the photoresist’s solubility in the developer. The trick therefore 

is to selectively remove or convert DNQ, thereby modifying the resist solubility. 

Exposure at the appropriate wavelength, commonly in the UV, converts DNQ into a carboxylic 

acid in a reaction involving water, while releasing nitrogen in the process [18]. The conversion 
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of DNQ increases the photoresist development rate by 3 to 4 orders of magnitude, such that the 

exposed photoresist rapidly dissolves during development. Image reversal photoresists require 

additionally a PEB following the UV-exposure, effectively neutralizing the formed carboxylic 

acid. A subsequent UV flood exposure converts DNQ in the previously unexposed regions, while 

having no influence where carboxylic acid already was removed during PEB. Resist 

development of image reversed photoresists accordingly only removes the originally unexposed 

resist. Figure 3.2 illustrates the developer solubility of DNQ photoresists at different stages of 

exposure.  

 

Figure 3.2. Solubility of DNQ-based positive- and image reversal photoresists. The DNQ-inhibitor lowers 

the photoresist solubility in the developer (middle) compared to DNQ-free photoresist (far left). 

UV-exposure converts DNQ into a carboxylic acid, and increases the solubility of the exposed resist 

(far right), as is the case of positive photoresists. Instead during image reversal, the carboxylic acid 

created by the DNQ is neutralized, while a subsequent flood exposure converts the remnant DNQ into 

carboxylic acids, increasing developer solubility. The illustration is based on a figure from [18].  

 

 

Contrarily to positive resists, the resins of negative resists cross-link following UV-exposure 

and PEB. Because of the stable cross-linking, complete removal of a negative resist from the 

substrate can be challenging and frequently requires piranha- or O2-plasma based cleaning 

strategies. 

A prominent type of negative resist is the chemically amplified, and epoxy-resin based SU-8. 

Besides its sensitivity to light, SU-8 is also exposed by X-rays or electrons. Antimony salts in 

the SU-8 release a strong acid during exposure, which acts as a catalyst for multiple cross-linking 

events of the SU-8 monomers [19]. Following a PEB to speed up the cross-linking rates, an 

optical contrast between exposed and unexposed SU-8 is clearly visible.  
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New users of SU-8 should be aware of the T-topping effect, where T-topped SU-8 develops with 

negative sidewalls instead of straight sidewalls as depicted in Figure 3.3. The effect is caused by 

UV-exposure by wavelengths below 350 nm, which are strongly absorbed in the upper resist 

surface [20]. 

 

Figure 3.3. Left: The T-topping effect in SU-8 as evidenced by the negative resist sidewalls. Right: Same 

photo-pattern after introducing a filter to remove sub-350 nm wavelengths. Reprinted by permission from 

Springer Nature: Springer US, Microfluidics and Microfabrication by S. Chakraborty, © 2010 [21]. Scale 

bar 200 μm added below for convince.  

 

 

A special type of photoresists are dry film photoresists. These are solid, primarily negative 

tone, photosensitive polymer films. Examples of some dry film photoresists are provided in 

Figure 3.4(a), specifically of the same type used in the experimental work. Imagine dry film 

photoresists as what you obtain by removing spin-coated, soft-baked photoresists from the 

substrate. Self-fabricated dry film photoresists were demonstrated in literature [14, 15, 22], yet 

the purchasing of ready-made, commercial dry film photoresists with excellent planarity and 

thickness uniformity is preferable for most large-scale applications.  

Commercial dry film photoresists come sandwiched between two protective liners. The bottom 

side polypropylene liner is removed prior to substrate adhesion by thermal lamination, while the 

top side poly(ethylene terephthalate) (PET) liner is removed prior to UV-exposure. Dry film 

photoresist lithography conveniently only differs from conventional, spin-coated 

photolithography at the substrate adhesion stage, while the remaining lithography process flow 

stays the same.  

The similarities between ADEX dry film photoresists (from DJ MicroLaminates) used in the 

experimental work and SU-8 photoresists are furthermore worth noting, whereas both are 

negative, chemically amplified epoxy-based resists.  

The history of dry film photoresists can be traced back to the late 1960’s, where they originally 

were developed for printed circuit board (PCB) manufacturing [23]. Later some additional 

applications are found in the fields of microfluidics [24-28], cast molding [29, 30], electroplating 

[31, 32], and wafer bonding [33, 34], with some examples shown in Figure 3.4(b)-(d). One 
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contributing factor to the apparent disregard of dry film photoresists in microelectromechanical 

systems (MEMS) manufacturing is likely a historical lack of ‘thin’ dry film photoresists. This 

naturally has limited both the patterning resolution, as well as their use in applications requiring 

thin device layers. Goosey reported in 1999 the thinnest commercially available dry film 

photoresist to be as thick as 17 μm [23]. Now more than twenty years later, the thinnest dry film 

photoresists on the market are 5 μm thick, with 2 μm achievable patterning resolution (ADEX 

by DJ MicroLaminates, and DF-1005/2005/3005 by EMS Nagase Group).  

 

Figure 3.4. (a) Two types of dry film photoresists (ADEX, from DJ MicroLaminates). Both a square 5 μm 

thick dry film photoresist, and a 50 μm thick dry film photoresist suitable for 3" wafers. The dry film 

photoresists are in reality optically transparent, and sandwiched in-between two protective polymer 

liners. Scale bar 2 cm. (b)-(d) Some MEMS applications of dry film photoresists. (b) Microfluidic 

channels structured in a dry film photoresist on a glass substrate, with integrated synthetic nanochannels 

(not created from dry film). Reprinted with permission, reference: [28]. (c) Micro-inductor coil created 

by multistep dry film photoresist lithography and electroplating. © IOP Publishing, K. I. Jolic et al, 

Fabrication of three-dimensional inductor coil using excimer laser micromachining, J. Micromech. 

Microeng, 13(5), 2003, doi.org/10.1088/0960-1317/13/5/334 [32]. (d) Schematic for the bonding of two 

wafers (white) by a dry film photoresist (blue): (1) Dry resist roller lamination onto the first wafer, 

followed by (2) UV-exposure and (3) resist development. (4) Bonding to a second wafer under elevated 

temperature and pressure was accomplished with a commercial wafer bonder. Reprinted from Sens. 

Actuator A Phys, 162(1), T. Huesgen et al., Optimization and characterization of wafer-level adhesive 

bonding with patterned dry-film photoresist for 3D MEMS integration, © 2010, with permission from 

Elsevier[33]. 

 

 

3.1.3 Spin-Coating and Other Photoresist Deposition Strategies 

The formation of photoresist films onto planar substrates is readily achieved by spin-coating. 

The cleaned substrate is placed on a vacuum chuck, the photoresist is dispensed, and the substrate 

is rotated typically between 1000 rpm to 6000 rpm, spreading the photoresist into a uniform film. 
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Film thicknesses between different batches of spin-coated wafers are reproducible, and 

adjustable up to some microns by tuning of the rotational speed. Throughput is high, with a 

single process typically lasting less than a minute. Nevertheless, one should keep in mind that 

spin-coating on complex substrate surfaces, e.g. with 3D-pattering, can be difficult. This is 

because excess photoresist and solvents flow to the substrate edges by centrifugal forces during 

the spinning, causing a build-up of some of the material. These so-called edge-beads remain after 

spin-coating, and may cause problems during mask aligner exposure. Special edge-bead 

removers are available only for wafers, i.e. nearly round substrates. Edge-beads on other 

substrate geometries must instead be manually removed by local application of a solvent.  

Besides spin-coating, other photoresist deposition techniques exist, allowing even satisfactory 

photoresist deposition onto non-planar substrates. Particularly notable for MEMS applications 

is spray coating. Simply explained, spray-coated photoresists are dispensed onto the substrate 

in the form of micrometer-sized droplets [35]. Film thickness control is hardly as precisely 

defined as for spin-coating, but spray-coating may conversely by used to apply homogenous 

photoresist films onto non-planar substrates. Automated spray coating devices exist for this 

purpose, as manually operating photoresist spray canisters is notoriously difficult while 

achieving acceptable film qualities and high reproducibility.  

More uncommon, photoresist electrodeposition also achieves homogenous resist films on 

3D-patterned substrates, but is limited to highly conductive substrate surfaces. Before 

electrodeposition, substrates are immersed in a special solution of electrically charged micelles 

containing the photoresist. Electrical biasing causes micellar migration toward the substrate, 

where the micelles destabilize and over time form the photoresist film [36]. 

Additional photoresist deposition strategies include plasma-deposited resists, meniscus coating, 

dip coating, roller coating, curtain coating and more. Interested readers are referred to 

Manufacturing Techniques for Microfabrication and Nanotechnology by M. Madou [20]. 

Additional to this, inkjet printing has emerged as an exciting technology for locally depositing a 

wide materials range, including (photosensitive) polymers [37, 38].  

3.1.4 Photoresist Exposure 

Mask aligner photolithography employing equipment such as shown in Figure 3.5(a), provides 

as mentioned earlier a cost-efficient and simple UV-illumination system with relatively high 

throughput. It employs a piece of quartz or soda-lime glass with the mask design created in a 

thin chromium film, previously structured by a direct writing method, such as direct laser writer 

(DLW) or electron-beam lithography (EBL). The chromium is UV-opaque, meaning light only 

passes through the clear parts of the glass mask.  

During mask alignment, the photoresist-coated substrate is placed on a vacuum chuck 

underneath the glass photomask. A lever moves the substrate until contact with the mask is 
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achieved. The substrate-photomask separation distance influences the achievable patterning 

resolution, where direct physical contact, known as “hard contact”, achieves the highest pattern 

transfer resolution. An air gap of some micrometers between mask and substrate, known as “soft 

contact”, is instead preferred for fragile substrates, and substrates that easily stick to the 

photomask. Next, the substrate is aligned according to the photomask design, thereby the name 

mask aligner. The substrate x-y stage allows micrometer alignment accuracy, especially 

important for overlay with pre-patterned wafers. Once alignment is completed, UV-light floods 

through the photomask causing the aforementioned chemical reactions to take place in the 

photoresist. Mask aligners for research purposes typically employ Hg-lamps possessing three 

emission lines in the near-UV; the i- (365 nm), h- (405 nm) and g-line (436 nm) [18]. The 

optimal exposure dose depends both on the substrate and photomask reflectivity, resist chemistry 

and thickness. In practice, the exposure dose in mJ cm-2 is calculated by multiplying exposure 

time by effective lamp power, the latter measured in mW cm-2.   

A direct laser writer, or DLW (Figure 3.5(b)), exposes the photoresist locally with a UV-laser. 

Laser exposure commences after confirming the substrate’s location on the x-y sample stage, 

and if necessary performing high accuracy alignment complying with any previously patterned 

layers. The laser consequently performs a raster scan over the substrate, turning on and off in 

compliance with a digital photomask uploaded previously to the DLW software. 

Albeit highly automated, DLW offers a low throughput compared to mask aligner exposure, and 

is better suited for small-scale research purposes, prototyping and photomask fabrication. In the 

experimental work, higher-throughput mask aligner exposure was therefore mainly used, with 

DLW serving occasionally as a proof-of-principle. 

 

Figure 3.5. Examples of (a) mask aligner (MJB4, Süss MicroTec), and (b) DLW (μPG 101, Heidelberg 

Instruments), also used in the experimental work. The mask aligner requires manual adjustment of 

substrate and photomask, while the DLW stage is controlled by computer software. Complete one-step 

substrate exposure is achieved with a mask aligner, while DLW exposes the photoresist with a scanning 

laser-beam.  
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Grayscale lithography is not actually an exposure method itself, but rather a special technique 

capable of producing 3D-photoresist structures. Grayscale lithography is commonly 

accomplished by the aforementioned DLW, or mask aligner exposure employing special 

grayscale masks with locally modulated UV-transmission capabilities. Optically thick 

photoresists are employed, i.e. where the penetration depth of the light is much smaller than the 

photoresist thickness. Photoresist UV-absorption initially only occurs at the uppermost few 

micrometers, but the resist starts bleaching as photoinitiators start converting. This decreases the 

UV-absorption in the exposed resist, thereby allowing complete resist exposure from top to 

bottom [18]. By terminating the resist exposure before the full dose is achieved, only the bottom 

part of such optically thick positive resists remains after development (conversely for negative 

resists). This is what is known as grayscale lithography.   

Instead of UV-light, electrons can be used to expose electron-sensitive resists such as PMMA 

by electron-beam lithography, or EBL. Like DLW, EBL is a direct writing method based on 

resist exposure by a collimated electron beam, and reaching excellent patterning resolutions on 

the order of nanometers. Keep in mind that the interaction volume of the electrons with the resist 

is larger than the beam size by means of electron scattering. The substrate should also be 

conductive to hinder resist charging. 

The above mentioned photoresist exposure techniques are not suited for high throughput 

industrial scale manufacturing of components such as computer chips. Instead so-called 

step-and-scan technology is employed, which similarly to mask aligners illuminate the wafer 

through a photomask. The main difference in working principle are additional advanced optics 

which reduce the photomask pattern before reaching the wafer, and a stepwise illumination 

repeated until full wafer exposure is achieved. Wavelengths are also much shorter than the 

typical 365 nm Hg i-line, greatly improving the pattern transfer resolution. More information on 

industrial stepper and scanner systems can be found in the following reference [20]. 

Additional methods to expose or structure resists include ion beam lithography [39, 40], X-ray 

lithography [41], two-photon polymerization [42], various types of scanning probe lithographies 

(SPL) [43], nano-imprint lithography (NIL) [44], and self-assembly [45] to mention a few. 

Finally there is stencil lithography enabling resistless nano- and microfabrication [13].  

3.1.5 Etching 

Microfabrication of functional devices relies heavily on etching, referring here to selective 

material removal. Etching directionality, material selectivity and overall material compatibility 

within the etchant are important parameters to control. The principles of the two fundamental 
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etching techniques, wet and dry etching are reviewed here. Both etching techniques were vital 

for realizing the microcantilever probes shown in the experimental work. 

During dry etching, material removal occurs by substrate interactions with ionized or neutral 

atoms and molecules. Possible etching mechanism during dry etching include chemical etching, 

such as silicon removal by highly fluorine containing gases, physical etching by ion-

bombardment, for example by inert gases like argon, and polymer deposition, realized by 

carbon-containing gases.  

Plasma generation is key to dry etching. Plasmas are partly ionized gases, created either in the 

etching chamber and referred to as a glow discharge setup, or in a separate chamber known as 

the triode setup [20]. The latter includes ion-beam etching, which is not discussed here. 

Interested readers are instead referred to the following books [20, 46, 47].  

Glow discharge includes two common dry etching methods, namely reactive-ion etching (RIE) 

and inductively coupled plasma RIE (ICP-RIE). The (ICP)-RIE chamber contains a pair of 

parallel plate electrodes, with the substrate placed on the lower electrode (cathode). Before 

generating the plasma, the chamber pressure is adjusted and the etchant gases are introduced. A 

high RF-bias is applied between the electrodes, ionizing a fraction of the gas molecules into ions 

and electrons, where ions are responsible for the substrate etching. The main difference between 

RIE and ICP-RIE is that RIE only allows for RF-bias control, while ICP-RIE additionally 

controls the surface bias voltage that controls the ion energy. ICP-RIE furthermore reaches 

greater plasma densities and thereby shorter etching durations compared to RIE [48]. More 

details on (ICP)-RIE plasma generation are found here [48].  

Material dissolution by wet chemistry is known as wet etching. Processes are mostly isotropic 

as the liquid spreads to the entire sample volume. Material compatibility is critical within wet 

etching, and etchants should be specific enough not to damage other important structural layers. 

For example, Al-structures on silicon substrates do not survive KOH wet etching of silicon, and 

must therefore either be masked with a KOH compatible material, or be deposited after the wet 

etch.  

Wet etching is generally initiated by surface oxidation of the sample, such as by hydrogen 

peroxide or nitric acid acting as oxidizing agents [18]. The formed oxide is dissolved and 

removed by acids in the etch solution, often under stirring to increase surface material transport.  

Common silicon processing employs a variety of wet etch protocols, mainly for the removal of 

metals and the Si-based materials. Especially prominent are silicon and silicon dioxide wet 

etching.  

Silicon is anisotropically etched in warm alkaline solutions such as KOH, with addition of 

isopropanol to improve the silicon surface roughness [49]. Distinct crystal planes etch at 

different rates, meaning the crystal orientation of the substrate surface determines the final etch 

geometry. For example, alkaline etching of (100)-Si forms square pyramids with {111}-

sidewalls at 54.7o angles to the (100)-plane. (110)-Si forms trenches with straight {111}-oriented 
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sidewalls, while (111)-Si hardly etches at all [50]. Because photoresist masks rarely are KOH 

compatible, alternative materials inert to KOH such as silicon nitride thin films are used as hard 

masks.  

As for silicon dioxide, a few nanometers of it are found on native silicon surfaces, and removal 

of this dielectric layer is frequently required for obtaining the desired electrical properties of 

microfabricated devices. Silicon dioxide is almost exclusively wet etched in pure, or buffered 

hydrofluoric acid, leaving an oxide-free silicon surface behind.  

3.1.6 Material Deposition and Growth  

Several strategies exist within microfabrication technology to either deposit, or grow materials 

on substrates. Discussed here are processes exclusively related to the experimental work, 

including metal thin film deposition by physical vapor deposition, chemical vapor deposition 

used to grow for instance diamond or silicon nitride films, as well as nanowire growth by a 

vapor-liquid-solid process. 

Physical vapor deposition (PVD) involves bringing a solid target material to the vapor state, 

followed by condensation on the substrate thereby forming a thin film coating. Specifically 

discussed here is PVD of metals by thermal evaporation. The metal patterning of the cantilever 

probes shown in the experimental work were accomplished exclusively by this technique. 

Sputtering [51], as well as other PVD techniques such as molecular beam epitaxy (MBE) [52], 

and pulsed laser deposition (PLD) [53] are therefore not discussed. 

Metals patterned by lift-off are typically deposited by thermal evaporation, either by resistive 

heating or electron-beam assisted heating. During resistive heating, the target metal is placed in 

a refractory metal crucible such as tungsten, ideally providing an inert container for the target 

metal. A current is passed through the crucible, raising the temperature enough to evaporate the 

target. The vapor phase target atoms follow more or less straight paths until reaching the cooler 

sample substrate, causing here the atoms to condensate and form a thin metal film. Such resistive 

heating strategies are simple, but can suffer from contaminations originating either from the 

crucible, or from alloying between the target material and crucible [20]. An alternative thermal 

evaporation technique is provided by electron-beam assisted evaporation. The target metal is 

again placed in a crucible, but heating and evaporation are achieved by striking the target with a 

high-intensity electron-beam. This causes the target to melt locally without any influence of the 

crucible, achieving therefore improved film qualities compared to resistive heating. 

Both resistive- and electron-beam assisted evaporation take place within vacuum chambers. The 

chamber pressure determines the atoms’ mean free path (MFP), which according to kinetic 

theory is inversely proportional to pressure. A simple rule is that at 10-5 Torr, the MFP is already 

approximately 5 m [51]. Deposition in vacuum also prevents oxidation of the metal film. 
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Besides PVD strategies, chemical vapor deposition (CVD) also realizes thin film deposition. 

Prominent techniques include low-pressure CVD (LPCVD), plasma enhanced CVD (PECVD) 

[54], metal-organic CVD (MOCVD) [55], and atomic layer deposition (ALD) [56]. Within 

CVD, a precursor gas containing the target atoms is introduced into a reaction chamber where 

the substrate is located. Film growth is accomplished by chemical reactions of the gas on the 

heated substrate surface, and growth is highly conformal as gases gain access to the entire 

chamber volume [51].  

CVD realizing both polycrystalline diamond films and silicon nanowires are specifically 

discussed here with relevance to the experimental work.  

Diamond is an interesting material with applications extending well beyond beautiful jewelry. 

For research and industrial purposes, diamond is coveted for its optical, electronic, mechanical, 

thermal and chemical properties, which are often referred to as extraordinary. For example, the 

wear resistance of diamond is remarkably high owing to strong carbon-carbon bonds, its thermal 

conductivity exceeds that of most materials [57], it is biocompatible as well as resistant to 

oxidation and attack by acids [58], and it is an insulating material with high dielectric strength, 

but gains electronic conductivity by doping [59]. A thorough review on diamond applications 

can be found with Balmer et al [58].  

Diamond is frequently grown by CVD using hydrogen and a small amount of carbon-containing 

gas such as methane. Gas temperatures exceed 2000 K, with heating frequently applied either 

by a hot-filament method (HFCVD) [60], or a microwave plasma (MPCVD) [61]. Substrate 

temperatures range between 1000 K to 1400 K [60]. The precise mechanism of the diamond-

film growth is still disputed, but is understood to involve the formation of atomic hydrogen and 

CH3 radicals [62]. Diamond CVD growth on most non-diamond substrates results in the 

formation of polycrystalline diamond films [63]. Pre-treating non-diamond substrates is 

furthermore required for achieving high-density diamond films, for example by applying a 

dispersion of diamond nanoparticles onto the substrate prior to CVD growth.  

Another application for CVD is for fabricating Si-nanowires by a bottom-up method. That is, by 

forming the nanowires from their smaller, original entities. The opposite strategy is called top-

down fabrication, where nanowires instead are formed by material removal. Such top-down 

processes require dry [64] or wet [65] etching of a silicon substrate to create highly aligned, and 

highly localized Si-nanowires. The bottom-up Si-nanowires are instead often produced by what 

is known as the VLS mechanism, which stands for vapor-liquid-solid. These terms refer to the 

states of matter present during the nanowire growth. Namely a silicon containing precursor gas 

(i.e. vapor), a liquid silicon-metal alloy, and the solid silicon-nanowire. Here the metal, such as 

gold [66], aluminum [67] or platinum [68], acts as a catalyst for the nanowire formation.  

The precursor gas can be introduced by a number of methods, which besides CVD include 

molecular beam epitaxy (MBE) [69] and laser ablation [70]. Discussed in the following is only 

CVD-based VLS growth of Si-nanowires using gold as catalyst, similar to its first demonstration 



3   State-of-the-Art and Methods 

18 

by Wagner and Ellis [71]. In the experimental section, such gold-catalyzed Si-nanowires were 

grown in-house and used for creating nanowire resistors on silicon nitride microcantilevers 

(chapter 5.4.5).  

The VLS mechanism is illustrated in Figure 3.6(a), where prior to the growth, either gold 

colloids, or a few nanometers thick gold film is deposited on a silicon growth substrate. Once in 

the CVD chamber, such gold films dewett and form droplets of a finite size distribution ready to 

act as catalysts for the growth [66].  

The VLS process starts as the silicon growth substrate is placed inside the CVD chamber, 

followed by pressure and temperature adjustments. The precursor gas, for example monosilane 

(SiH4) is introduced, sometimes with the addition of hydrogen to promote sidewall-

passivation [72]. And addition of either phosphorus- or boron-containing gases such as 

phosphine (PH3) or diborane (B2H6), achieve n- or p-doped nanowires respectively.  

Once the temperature in the CVD chamber exceeds the Au-Si eutectic at 363 oC (Figure 3.6(b)) 

[73], silicon from the precursor gas can start dissolving into the gold nanoparticles thereby 

forming Au-Si alloys. It is the supersaturation of this alloy which causes precipitation of solid 

silicon at the solid-liquid interface. The process then repeats, forming layer-by-layer of silicon 

underneath the droplet.  

The growth direction depends both on the nanowire diameter and the crystallographic orientation 

of the substrate [72]. Silicon nanowires produced by gold-catalyzed CVD are of course also 

equipped with gold-tips, which later can be removed by gold wet etching. 

 

Figure 3.6. (a) Illustration of silicon nanowire VLS growth by CVD. (1) Gold colloids are deposited on 

a silicon substrate, and the substrate is placed inside the CVD chamber. (2) The chamber temperature is 

increased, and precursor gas(es) are introduced, forming a liquid Au-Si alloy above the eutectic 

temperature of 363 oC. (3) Silicon precipitates at the liquid-solid interface once the alloy supersaturates, 

forming with time a silicon nanowire. (b) Bulk Au-Si phase diagram. Adapted with permission from: [74]. 

Copyright 1999 American Chemical Society. Keep in mind that the true phase diagram for a nanoparticle-

system might look slightly different than for bulk [75]. 
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3.1.7 Nanowire Transfer and Contact Printing 

Nanowire growth was just examined. Yet it is also useful to discuss how nanowires can be 

integrated within devices. Proper placement and alignment of top-down fabricated nanowires 

can be determined already in the lithographic process, meaning such nanowires are already 

appropriately located for the subsequent device fabrication. Bottom-up nanowires, created for 

example by the previously discussed VLS-CVD method, tend to produce irregular nanowire 

arrangements that require transfer from the growth substrate to the device substrate.  

Nanowire drop casting is perhaps the simplest of such transfer methods. Here a solvent 

containing suspended nanowires is allowed to evaporate on the target substrate, leaving behind 

a random arrangement of nanowires. Controlled and aligned nanowire transfer is instead based 

on methods such as contact printing [76], nanowire alignment in electric fields by 

dielectrophoresis [77], and the Langmuir-Blodgett technique [78, 79]. A review of these 

techniques can be found in [80]. Here only contact printing is discussed with relevance to the 

experimental work, where the method for instance was used to transfer bottom-up grown silicon 

nanowires onto silicon nitride microcantilevers. An image of the specific contact printer used is 

shown in Figure 3.7, page 20. 

During contact printing, the nanowire substrate is mechanically brushed, that is moved along the 

target substrate. This causes nanowires to break off and transfer onto the substrate by a 

mechanical shearing motion [81]. Nanowire deposition yields notably depend on the frictional 

forces between the nanowires and the target substrate’s surface morphology [81, 82]. This can 

be taken advantage of by locally modifying the friction coefficient of the target substrate. Such 

strategies include addition of photoresist structures, which can be dissolved after contact printing 

[76, 82], or so-called surface-controlled contact printing utilizing 3D catcher structures to locally 

modulate the friction force [81]. Special surface chemistries furthermore promote or diminish 

nanowire transfer yields, and such patterned chemical surface modifications also support 

localized nanowire transfer [83]. Nanowire transfer yields are furthermore promoted by the use 

of certain lubricants [82].  

Figure 3.7 on the next page shows a lubricant-free, dry, nanowire contact printing device 

previously also demonstrated with surface-controlled contact printing [81]. Within the device, 

the nanowire growth substrate is fixed to a metal chuck and brought into contact with the target 

substrate underneath. The target substrate stage moves freely at an adjustable speed in the 

horizontal direction, causing nanowires to deposit preferentially along the direction of 

movement. The contact force can be increased by placing weights on the nanowire substrate 

chuck. 
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Figure 3.7. A simple nanowire contact printing device used in the experimental work. The target substrate 

is placed face-up on the translational stage, while the nanowire substrate is adhered to the bottom side 

of a separate metal chuck. The chuck was inserted through a hole in the device setup (not visible), and 

brought into contact with the target substrate. Nanowires were transferred by initiating the one-

dimensional stage movement. Scale bar 5 cm, with scale bar inset 1 cm. 

 

 

3.2 Characterization Methods 

Reliable micro- and nanofabrication is impossible without characterization techniques. 

Structures are simply too small to see with the naked eye, and high-resolution imaging is 

therefore essential for understanding, and improving fabrication protocols. Discussed in the 

following are therefore SEM and surface profilometry techniques like AFM.  

Also relevant for the experimental work were surface wetting studies, realized by contact angle 

measurements. Note that characterization methods also encompass the study of material 

compositions. Methods include for instance Raman spectroscopy [84], energy-dispersive X-ray 

spectroscopy (EDX) [85], X-ray photoelectron spectroscopy (XPS) [86], and X-ray diffraction 

(XRD) [87], but these are not discussed further as they were mostly not relevant to the 

experimental work. 

3.2.1 Contact Angle Measurements 

Contact angle analysis investigates the wetting behavior of surfaces, in other words the surfaces’ 

liquid-spreading abilities. The liquid in question is commonly water, usually dispensed in small, 

microliter-sized droplets by a syringe. This is called the static sessile drop method when the 
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substrate is placed on a horizontally aligned sample stage. The angle the droplet makes with the 

surface is called the contact angle, θCA. 

The importance of hydrophilic (water-loving) and hydrophobic (water-repelling) substrate 

behaviors is emphasized with respect to both, photoresist adhesion, and water-layer formation 

in the solid-state ion-selective electrodes fabricated in the experimental work. Hydrophilic 

surfaces form contact angles less than 90o with water, while hydrophobic surfaces are 

characterized by contact angles above 90o [88]. In terms of good photoresist adhesion, substrate 

contact angles should preferably range between 50o to 70o [89]. Untreated silicon-based 

substrates typically display contact angles below 50o, and optimally require additional treatments 

to increase surface hydrophobicity. A popular option is here the application of adhesion 

promoters, like HMDS or TI-Prime as mentioned earlier. A dehydration bake following substrate 

cleaning also increases contact angles by partial removal of surface adsorbed water.  

3.2.2 Surface Profilometry 

AFM - Atomic Force Microscopy 

Atomic force microscopy (AFM) supports for instance force spectroscopy [90, 91], hardness and 

friction measurements [92-94], and bottom-up nanomanipulation assembly of materials [95]. 

Yet AFM is primarily associated with high-resolution surface topography imaging, allowing 3D 

surface profile- and roughness determination. With the exception of the ion-selective electrodes 

in chapter 6, all cantilevers demonstrated in this work were created with AFM-compatible probe 

bodies, and AFM-based applications of some of these cantilevers were demonstrated.  

An AFM typically senses the forces between the sample surface and a sharp tip located at the 

free-standing end of a microcantilever beam. Besides the cantilever probe and sample, AFMs 

are equipped with a piezoelectric sample stage capable of scan sizes typically around maximum 

100 μm, a cantilever probe holder, an optical microscope with a camera for coarse sample 

alignment, and a feedback control system allowing proper cantilever modulation. The 

cantilever’s mechanical motion is monitored by reflecting a laser-beam off the cantilever, and 

letting it strike an external 4-quadrant photodiode. Changes in cantilever deflection or resonance 

frequency caused by tip-sample interactions, are monitored by the resulting dynamic movement 

of the laser-beam on the photodiode. Information from the photodiode is received by the 

feedback control which performs necessary scan adjustments complying with the selected 

imaging mode.  

Traditional AFM imaging modes include contact and tapping modes. In contact mode the tip and 

sample surface are in constant close contact, notably accelerating tip-wear and possibly 

damaging fragile samples by application of high lateral forces. Tapping mode instead oscillates 

the cantilever near its resonance frequency, only briefly touching the sample surface during each 

oscillation cycle. Less damage is therefore imparted on fragile samples. Additionally so-called 
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PeakForce tapping emerged about a decade ago, based on cantilever oscillation modulation like 

in tapping mode, but at frequencies considerably below resonance. The word PeakForce refers 

to the modulation of the maximum tip-sample interaction force, or peak force, at each point or 

pixel of the scan [96]. PeakForce tapping possesses the advantages of tapping mode with low 

lateral forces advantageous for imaging fragile samples, while providing both high imaging 

resolution and improved tip-sample force control compared to tapping mode [97]. 

Besides imaging mode, the sharpness and geometry of the cantilever tip ultimately determine 

the imaging resolution. In optimal situations, an AFM can reach sub-nanometer, and even 

atomic-scale resolution [98-100].  

Mechanical Surface Profilometers 

A mechanical surface profilometer acquires the surface profile of samples by surface scanning 

with a sharp needle, such as a diamond tip. The surface height is registered not by a laser-and-

photodiode as in AFM, but by a so-called linear variable differential transformer (LVDT) 

allowing for sub-nanometer vertical resolution [51]. The lateral resolution of surface 

profilometers suffers compared to AFM due to convolution effects of the relatively blunt 

tips [51]. Nevertheless, operation of a mechanical surface profilometer is both easier and faster 

than an AFM, and was frequently used in the experimental work for quickly evaluating 

photoresist and metal thicknesses, etch depths, and overall sample profiles. 

3.2.3 Scanning Electron Microscopy - SEM 

Scanning electron microscopy (SEM) is a high-resolution imaging technique based on electron-

sample interactions. Several SEM images are shown in the experimental work, capably resolving 

structures not otherwise visible by conventional optical microscopy.  

Electrically non-conductive samples as the ones often used in this work are readily 

electrostatically charged by the electrons, which cannot escape and start accumulating on the 

sample surface. Such charging effects distort the electron-beam and reduces the imaging quality 

as exemplified in Figure 3.8(a). The charging of non-conductive samples is avoided either by 

depositing a thin metal coating on the sample prior to SEM, or by reducing the electron-beam 

energy or aperture size. Charging rarely causes permanent sample damage, and the effect usually 

disappears after removing the sample from the SEM. Permanent sample damage occurs instead 

during electron-induced cross-linking and deposition of organic materials which were already 

adsorbed on the sample surface [101]. This effect is often experienced at high magnifications as 

electron beam exposure rates are greater, with a typical example shown in Figure 3.8(b).  
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Figure 3.8. (a) SEM charging effect of a cone-shaped polymer structure on a silicon nitride substrate. 

The charging effects distort the electron beam and worsens the image quality. (b) Deposition of organic 

material by SEM while imaging gold colloidal particles (bright, round artifacts) on a polymer surface, 

evidenced by a dark square in the image center. Scale bars 1 μm. 

 

 

3.3 Cantilever-Based Sensors 

Cantilevers are just free-standing bending beams fixed at one end. Ask scientists what they 

associate with cantilevers, and the answer will most often be the AFM. Indeed the 

microfabrication technology of cantilevers experienced a boost following the invention of the 

AFM in the 1980’s [1]. Today’s AFM cantilevers are available in a multitude of shapes and 

sizes, with characteristic dimensions typically on the order of 1-100 μm, exhibiting different 

stiffness values and resonance frequencies serving numerous end-user applications.  

Tip shapes vary from the conventional 3- or 4-sided pyramidal tips, to spherical, and to perfectly 

flat-ended tips. Cantilever coatings also serve multiple purposes besides enhanced laser 

reflectivity, and include the realization of magnetic force microscopy [102], increased wear-

resistance (with diamond films), chemical functionalization (e.g. Au-films for thiol-chemistry), 

or improved biocompatibility. AFM cantilevers are typically made from silicon or silicon nitride, 

with their fabrication fully compatible with high-throughput microfabrication protocols. Large 

numbers of microfabricated cantilevers are produced per wafer, with prices commonly between 

20 EUR to 40 EUR per single probe.  

Yet applications for microfabricated cantilevers extend well beyond AFM. Particularly two 

distinct properties make microcantilevers attractive for a myriad of applications as sensors or 

transducers. These properties are either the cantilever’s deflection or resonance frequency 

response to external stimuli such as temperature [103, 104], acceleration [105], mass [106], 

surface stress [107], or viscosity [108, 109]. Microcantilever sensors were used to detect 

biomolecules [110], measure the viscosity of liquids [111-113], pH [114], chemical reactions 

[103, 115], and detect gases [116] such as explosives [117] and air humidity [118] to mention a 

few, with some examples shown in Figure 3.9, page 24. The cantilever deflection read-out 
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typically relies on the optical laser and photodiode setup of AFMs, but may also be accomplished 

by more compact techniques based on waveguides [119], or piezoresistive [120], 

piezoelectric [121], or capacitive [122] effects. 

Note that many microcantilever sensors do not possess scanning tips like their AFM 

counterparts, and some may be created from non-silicon based materials such as softer, 

polymeric materials [123]. 

 

Figure 3.9. Examples of microcantilever-based sensors from literature. (a) SU-8 polymer cantilever 

equipped with a Hall sensor. Figure source [123], © 2006 IEEE. (b) Silicon nitride cantilever with 

integrated MOSFET for deflection read-out, used to detect biotin and antibodies. From: [124], reprinted 

with permission from AAAS. (c) Four SU-8 polymer cantilevers with integrated Ti-piezoresistive elements 

toward (bio)chemical sensor applications. Reprinted from Microelectron. Eng., 98, A. Shokuhfar et al., 

Low-cost polymeric microcantilever sensor with titanium as piezoresistive material, © 2012, with 

permission from Elsevier [125]. (d) Piezoresistive silicon cantilever for detecting ultrafine pollutants in 

air. Figure source [126]. (e) Typical AFM cantilever for topography imaging, equipped with a pyramidal 

scanning tip at its free-standing end. With permission: www.opustips.com [127]. (f) Silicon cantilever 

with embedded fluidic channel used to detect specific proteins present in the introduced liquid solutions. 

Reprinted by permission from Springer Nature: Nature. Weighing of biomolecules, single cells and single 

nanoparticles in fluid, T. P. Burg et al., © 2007 [128]. 

 

 

Quantifying cantilever mechanical properties such as elastic modulus, spring constant and 

resonance frequency are important for instance to accommodate specific AFM applications. The 

following only assumes cantilevers with rectangular cross sections of length, L, width, w and 

thickness, t, where the thickness is much smaller than either length or width. The nth mode 

resonance frequency, fn of such rectangular cantilevers is given by equation (3.1) [129, 130]. 
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Where E is the Young’s elastic modulus, and ρ is the cantilever’s mass density. The factor αn 

depends on the vibrational mode, with the following first four factors: 

α1 = 1.875 α2 = 4.694 α3 = 7.855 α3 = 10.996 
 

The spring constant, k of rectangular, single-layer cantilevers is given by equation (3.2) [131]. 

 
𝑘 =
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 (3.2) 

Where I is the cantilever’s area moment of inertia, given in this particular case by equation (3.3). 
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AFM cantilevers typically possess a thin, backside metal coating for improved laser reflection. 

The resonance frequencies of the resulting N-layered, rectangular cantilever system, assuming 

the N coatings are homogenous and each with a well-defined Young’s modulus, is calculated by 

equation (3.4) [132]. The situation for three layers is depicted in Figure 3.10. For one layer 

(N = 1), equation (3.4) reduces back to the simpler equation (3.1). The Young’s modulus within 

each layer is assumed a constant function of z.  

 

𝑓𝑛 =
𝛼n

2

2𝜋𝐿2
 √

∫ 𝐸(𝑧 − 𝑧na)2𝑑𝑧
𝑡

∑ (𝑡𝑖𝜌𝑖)𝑁
𝑖=1

 (3.4) 

Here zna is the neutral axis, i.e. where the stress of the cantilever beam equals zero. Symmetric 

and isotropic cantilevers have a neutral axis at z = t/2. For an N-layer system the neutral axis is 

generally calculated by equation (3.5) [133]. 

 

𝑧na =
∑ 𝐸𝑖(𝑧𝑖

2 − 𝑧𝑖−1
2 )𝑁

𝑖=1

2 ∑ 𝐸𝑖𝑡𝑖
𝑁
𝑖=1

 (3.5) 

According to the arbitrarily chosen reference frame in Figure 3.10, z0 is located at the bottom of 

the cantilever, while the thickness of each layer i is given by ti = zi-zi-1.  

 

Figure 3.10. Rectangular cantilever beam of length, L and width, w, composed of three homogenous 

layers with respective thicknesses t1, t2 and t3. Illustrated is the sign convention for the vertical z-axis with 

z0 = 0 located at the bottom cantilever surface. 
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3.4 Principles of Solid-State Ion-Selective Electrodes 

Ion-selective electrodes (ISEs) are electrochemical ion sensors which convert target ion activity 

into measurable electrical potentials. The measurement principle is potentiometric, meaning the 

potential difference between the ISE and a reference electrode is measured at near-zero currents. 

No external potential is applied during measurements.  

Conventional ISEs, with liquid inner contacts, were invented more than half a century ago and 

experience widespread use today for detecting a variety of ions [16, 134] with limits of detection 

(LOD) below 10-10 M [135]. Besides the liquid-contact configurations, ISEs with solid contacts, 

known as solid-state ISEs also exist. These do not require any liquid inner filling solutions, 

making them both easier to maintain as well as less restricted in terms of operation temperature 

and pressure, and probe orientation [16]. The benefits are however weighed down by generally 

smaller LOD values compared to the liquid-contact architectures, although detection sensitivities 

on the sub-nanomolar range were demonstrated in some cases [136, 137]. With relevance to the 

experimental work, only solid-state ISEs are discussed in the following.  

The general construction of a solid-state ISE is shown in Figure 3.11. It is a sandwiched design 

composed of a solid electron conductor, the solid-contact, and an ion-selective-membrane (ISM). 

Only the ISM makes direct contact with the sample electrolyte solution, while both the bottom 

electron conductor, for example a metal, and the solid-contact are shielded from the surrounding 

environment. ISMs provide selectivity toward the target ion by means of so-called ionophores, 

and transports the ionic signal to the solid-contact-ISM interface. The solid-contact acts as an 

ion-to-electron transducer, converting the ionic signal to a measurable electric signal. As 

solid-contact, especially electroactive, conductive polymers are popular materials easily 

fabricated onto the electronic conductor by electropolymerization techniques [138].  

 

Figure 3.11. Construction of a solid-state ISE, with an (a) electronic conductor, (b) solid-contact and 

(c) ISM.  

 

 

Common methods to characterize ISEs, besides their sensitives to target ions, include 

chronopotentiometry [139], electrochemical impedance spectroscopy [140], the water layer test 

[141], and determining the ISE’s selectivity toward other ions [142]. The latter is discussed in 

more detail in chapter 3.4.3 with relevance to the experimental work. 
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The topic of solid-state ISEs is massive, and only the essentials can be covered here. Readers 

interested in diving deeper into the topic are instead recommended the following books and 

articles: [137, 138, 143-146]. 

3.4.1 The Nernst Equation  

During the potentiometric ion measurements, potentials are related to the target ion activity, aI. 

Assuming a constant reference electrode potential, the potential which is measured, E follows 

the Nernst equation (3.6) [145]. 

 
𝐸 = 𝐸𝑜 +

𝑅𝑇

𝑧I𝐹
⋅ ln 𝑎I (3.6) 

Where R, F and T are the ideal gas constant, Faraday constant and temperature respectively. Eo is 

the so-called standard potential value, and zI is the target ion’s charge number. Reproducing the 

standard potential in a batch of conductive polymer solid-state ISEs is difficult, relating to 

differences in solid-contact polymer crystallinity, film morphology, doping level control and 

formation of intermolecular bonds between polymer chains to mention a few [137]. 

Improvements to Eo reproducibility are instead achieved post-growth, for example by 

pre-polarizing the ISEs [147].  

Assuming monovalent target ions and a temperature of 20 oC, the Nernst equation yields a linear 

relationship between the potential and the logarithm of target ion activity with a slope of 

58.2 mV per decade1 as by equation (3.7). 

 
𝐸 = 𝐸𝑜 + 58.2 mV ⋅ log 𝑎𝐼 (3.7) 

The ion activity, aI relates to the ion concentration, cI by so-called activity coefficients, γI as by 

equation (3.8) [148]. It is only in dilute solutions, below 10-3 M, that ion activity may be 

approximated as the ion concentration [149]. 

 𝑎𝐼 =  𝛾𝐼𝑐𝐼 (3.8) 

In order to convert ion concentration to ion activity, the activity coefficients of the participating 

ions are calculated. Activity coefficients of each participating ion, γ± are found by extended 

Debye-Hückel theory as by equation (3.9), applicable at ionic strengths, I below 0.1 M [148]. 

 

log(𝛾±) = −𝐴
|𝑧+𝑧−| ⋅ √𝐼

1 + 𝐵 ⋅ 𝑎0√𝐼
 (3.9) 

Where z+ and z-
 are the ions’ charge numbers, A and B are constants approximated to        

0.328 mol-1/2 and 0.506 mol-1/2 m-1 respectively for aqueous solutions at 20 oC [145], and a0, 

 
1 Usually a slope of 59.2 mV per decade is stated in literature, referring to measurements performed at 25 oC. With 

relevance to the experimental work only values for a temperature of 20 oC are used here. 
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measured in Ångströms, is the Kielland parameter relating to the size of the solvated ions. The 

ionic strength (i.e. total charge concentration), is calculated by equation (3.10) [148]. 

 
𝐼 =

1

2
 ∑ 𝑐𝐼𝑧𝐼

2

𝐼
 (3.10) 

Assuming for example 10 mM KCl, the ionic strength of the electrolyte is 10 mM, and the 

activity coefficients of either ion, K+ and Cl-, are 0.90 at 20 oC, with both Kielland parameters 

equal to 3 [145]. 

3.4.2 Determining the Limit of Detection (LOD) 

The LOD is an important characteristic of ISEs, loosely defined as the lowest detectable target 

ion concentration. As already discussed, the Nernst equation yields a linear relationship between 

the potential and the logarithm of ion activity. Yet this is only true above the LOD. Below the 

LOD, the linear relationship loses validity and the potential remains more or less constant as 

represented in Figure 3.12. The LOD is located at the intersection of the two linear regimes of 

the potential curve [150].  

 

Figure 3.12. Method for determining the LOD of an ISE. The potential, E, as a function of the logarithm 

of ion activity aI is plotted, showing two distinct linear regions. The measured potential remains nearly 

constant at the lowest ion activities, transitioning into a typical Nernstian slope at higher ion activities. 

The LOD is defined at the intersection of the two linear regions.  
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3.4.3 Determining Ion Selectivity Coefficients 

In the ideal case, the ISM only responds to target ions while completely disregarding all other 

ions. In reality, ISMs have non-zero responses to other ions besides the target. The selectivity 

toward other ions is expressed by their respective ion selectivity coefficients. Several methods 

exist in literature to determine selectivity coefficients of ISEs, such as the separate solutions 

method, fixed interference method, and the matched potentials method. Interested readers are 

referred to the following references for more information concerning the latter two methods 

[142, 145]. The simplest method, the separate solutions method, was used in the experimental 

work, and is therefore explained here in more detail. 

Any protocol for determining ion selectivity coefficients, KIJ are based on finding the difference 

between the standard potentials of the ISE’s response toward the target ion I, and interfering 

ion J. That is, 𝐸I
0 and 𝐸J

0 respectively. In the separate solutions method, the ISE’s potential 

responses to each ion, I and J are determined, with both ideally showing a Nernstian response 

with easily determined standard potentials. The selectivity coefficient is then calculated by 

equation (3.11) [142], where the symbols zI, F, R and T retain their usual meaning. 

 
𝐾IJ = exp {(𝐸J

0 − 𝐸I
0) ⋅

𝑧I𝐹

𝑅𝑇
} (3.11) 

In practice, the slope of the potential response related to the interfering ion is often not linear, 

but shows a larger difference in standard potentials at high ion concentrations compared to lower 

ion concentrations. Additionally, leaching of target ion I from the ISM can influence the ISE’s 

response to the interfering ion J, meaning the separate solutions methods tends to give too 

optimistic values for the selectivity coefficient unless special care is taken. The following 

paper is a good reference concerning problem-solving strategies for the separate solutions 

method [142]. 
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4. Introduction to the Scope of the Work 

The experimental work is divided into two parts, A and B, relating either to dry film photoresist 

lithography or to microfabricated solid-state ion-selective electrodes (ISEs).  

 

Part A is sectioned into six sub-chapters, introduced by the in-house microfabrication of AFM 

compatible probe bodies equipped with tipless silicon nitride cantilevers. Next, dry film 

photoresist lithography on pre-fabricated silicon nitride cantilevers, either with or without a 

scanning tip at their free-standing ends is established. The suitability of dry film photoresist 

lithography either with additive or subtractive microfabrication protocols is validated, 

confirming the applicability of dry film photoresists within common microfabrication chains. 

Two cantilever-based sensors, based on dry film photoresist lithography on silicon nitride 

cantilevers are demonstrated, realizing either polymer pillar probes for cell elasticity 

measurements, or nanowire resistors on cantilevers with a design viable toward ISFET-

applications. Note that the term cantilever sensor mostly is used in this work, even though 

cantilever transducer is the more general term, but the two are often interchangeably used in 

literature [151]. Dry film photoresists were even used to realize soft, and up to 1000 μm long 

polymeric cantilevers. Here a fabrication strategy was developed which notably differs from 

existing polymer-probe microfabrication protocols by avoiding a potentially damaging bulk 

substrate cantilever release. Additional capabilities of dry film photoresist cantilevers are also 

presented, such as the patterning of multilayer polymer structures on the polymer cantilevers, 

and metal deposition realizing already a proof-of-principle demonstration of piezoresistive dry 

film photoresist cantilevers. The last section in part A concerns additional properties and 

capabilities of dry film photoresists. Such as, freely selecting the sidewall profile of the 

developed resist, gentle dry film photoresist mediated transfer of nanowires, creation of complex 

multilayered dry film photoresist structures, and plasma-induced surface modifications. 

 

Part B concerns the microfabrication of potassium-selective, solid-state ISEs on microcantilever 

substrates. Using know-how of both, microcantilever fabrication, the processing of negative 

epoxy photoresists, and microfabrication strategies in general, the miniaturization of such 

electrodes was accomplished by orders of magnitude compared to the most of modern solid-state 

ISE literature. Down to 20 μm diameter ISEs were reliably created on cantilevers. These ISEs 

showed close to theoretical responses toward the potassium-ions, comparable with more typical 

900 μm diameter ISEs microfabricated here on planar substrates. Even 5 μm diameter ISEs were 

created on cantilevers, but these require more work in future to improve signal stabilities. 
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5.Part A. Dry Film Photoresist Lithography 

of Microcantilevers 

Experimental section “Part A” centers on applications of dry film photoresists, specifically 

employing epoxy-based ADEX dry film resists (from DJ MicroLaminates) throughout this work.  

Dry film photoresist lithography was used to accomplish both, soft polymer cantilevers 

fabricated without any damaging bulk substrate release strategies, and photolithography on pre-

fabricated, AFM compatible silicon nitride cantilevers equipped either with or without sharp 

scanning tips.  

First, the fabrication of substrates containing multiple tipless silicon nitride cantilevers on AFM 

compatible silicon probe bodies is explained, including a discussion on cantilever design 

limitations. The substrates were compatible with thermal roller lamination of dry film 

photoresists and the subsequent photolithographic patterning. This achieved either, permanent 

and functional dry film photoresist structures on the cantilevers, or capable dry film photoresist 

masks for subsequent additive or subtractive manufacturing such as lift-off or dry etching of the 

cantilevers. Commercial silicon nitride AFM cantilevers with sharp scanning tips were also 

modified by dry film photoresist lithography, importantly without any deterioration to the 

cantilevers’ high-resolution imaging abilities. 

Two unique and AFM compatible microcantilever sensors were enabled by dry film photoresist 

lithography on the in-house fabricated, tipless silicon nitride cantilevers. In the first application, 

cantilevers were equipped with flat-ended, dry film photoresist pillars used as indenters during 

mouse cell elasticity measurements. Such relatively large-area, cylindrical tips can possess 

certain advantages compared to the more common pyramidal-shaped AFM tips. The second 

cantilever sensors were nanowire resistors on cantilevers applicable even within liquid 

environments, with prospective applications as nanowire-ISFETs. Their fabrication required 

both, nanowire contact printing on cantilevers, and dry film photoresist lithography twice to 

create metal contacts by lift-off as well as a dry film photoresist passivation layer. 

Next, polymeric cantilevers patterned from dry film photoresists are presented. Such soft 

cantilevers are interesting for a variety of sensor applications owing to the low Young’s modulus 

of the resist. Up to 1000 μm long dry film photoresist cantilevers, with aspect ratios as high as 

1:20 were realized without the need of any commonly used bulk substrate release strategies. 

Additional polymer features on the polymeric cantilevers were easily achieved by an additional 

round of dry film photoresist lamination and photolithography. Finally, metal pattering of the 

polymeric cantilevers is demonstrated either by lift-off or etching, realizing already a 
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proof-of-principle demonstration of piezoresistive dry film photoresist cantilevers toward future 

(bio)chemical sensor applications. 

Part A concludes by miscellaneous applications and discoveries related to the dry film 

photoresists. Specifically shown are: the effects of O2 and CF4 plasma etching on the morphology 

and wetting properties of the dry film photoresists, dry film photoresist mediated transfer of 

fragile silicon nanowires, and three strategies for creating any dry film photoresist sidewall 

profile. Several of these discoveries coincide with previously reported SU-8 technology, further 

emphasizing the close resemblance between SU-8 and the dry film photoresists.  

5.1 Microfabrication of Silicon Nitride Cantilevers with AFM 

Probe Bodies 

The microfabrication protocol for the silicon nitride cantilever substrates was also presented in 

the article “Facile modification of freestanding silicon nitride microcantilever beams by dry film 

photoresist lithography”, 2019, J. Micromech. Microeng., 29, 025014 [152]. 

 

Cantilever probe substrates were fabricated at in-house cleanroom facilities, realizing either the 

fabrication of tipless silicon nitride cantilevers, or the fabrication of dry film photoresist 

cantilevers (details in chapter 5.5.1). The fabrication protocol for either application started by 

producing silicon nitride membranes, as depicted in Figure 5.1. A 4″ wafer of single-crystalline, 

380 μm thick (100)-Si with a double-sided 1 μm coating of stress-free, LPCVD silicon nitride 

was scribed in pieces of sizes up to 30 mm x 30 mm (Figure 5.1(a)). The sample frontside was 

passivated by photoresist, while the backside was lithographically patterned with a design 

specific for realizing AFM compatible silicon probe bodies within a few process steps. 

Following resist development, backside CF4-plasma RIE locally removed silicon nitride, 

revealing the silicon underneath (Figure 5.1(b)). The remnant nitride films acted as hard masks 

during isotropic silicon etching in KOH, producing up to 28 AFM-integrable silicon probe 

bodies, each 1.5 mm x 3.0 mm in size. At this point the substrate frontside was covered by a 

translucent, 1 μm thick silicon nitride film, forming membranes where the backside silicon was 

removed (Figure 5.1(c), (d)).   
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Figure 5.1. Fabrication of silicon supported, silicon nitride membranes as a starting point for either 

tipless silicon nitride cantilevers or polymeric cantilevers. Within the protocol, (a) a silicon substrate 

with a double-sided, 1 μm thick silicon nitride thin film was (b) locally etched from the backside by RIE, 

revealing the bulk silicon. (c), (d) KOH-etching removed the exposed silicon and produced free-standing 

silicon nitride membranes around a silicon structure resembling within a few process steps the cantilever 

probe bodies.  

 

 

Tipless silicon nitride microcantilevers were fabricated from these substrates (Figure 5.2(a), 

page 36) by photolithography and CF4-RIE of the substrate frontside. Following photoresist 

removal, the final sample contained silicon nitride cantilevers attached to the AFM compatible 

silicon probe bodies (Figure 5.2(b)). Such substrates were thermally laminated by dry film 

photoresists and subsequently processed by the methods described in chapter 5.4. Afterwards 

the cantilever probes were released by gentle mechanical pressure at the probe bodies causing 

fracture at the pre-determined breaking points, or “Sollbruchstellen” (Figure 5.2(b)). Unless 

otherwise stated, the length and width of the tipless silicon nitride cantilevers were varied 

between 150-200 μm, and 60-70 μm respectively.  
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Figure 5.2. (a) Silicon nitride cantilevers created by photolithography and RIE of the silicon-supported 

silicon nitride membranes (cf. Figure 5.1(c)). (b) The final probes consist of a microcantilever located at 

the short end of the AFM compatible silicon probe bodies. Probe release occurs by fracture at the pre-

determined breaking points by manual application of pressure. Scale bar 1 mm. (b) is adapted from [152], 

CC BY 4.0, www.creativecommons.org/licenses/by/4.0/. 

 

 

5.2 Preparing Commercial Silicon Nitride AFM Cantilevers 

for Dry Film Photoresist Lithography 

Dry film photoresist lithography was also demonstrated on commercial AFM silicon nitride 

cantilevers of 500 nm thickness, 100 μm or 200 μm length, and equipped with 3.5 μm tall 

pyramidal scanning tips (PNP-DB from NanoWorld, two cantilevers on each short edge). Such 

cantilevers were furnished with a reflective backside coating of 70 nm Cr/Au, removed by 

immersion in Lugol’s solution2 for 10 seconds either before or after any dry etching 

modifications as described later.  

The commercial cantilevers were provided as single units not attached to a bulk substrate, 

meaning direct transfer of dry film photoresists onto the probes was nearly impossible on the 

microscopic cantilever regions. Instead, an adapter was manufactured to facilitate the dry film 

photoresist application and to improve the overall handling of the single probes (Figure 5.3). As 

adapter, a 500 μm thick (100)-Si wafer, of similar thickness to the commercial AFM probes, was 

scribed in pieces of 20 mm x 20 mm size. A 6.0 mm x 1.7 mm slit was created in the adapter by 

laser cutting, facilitating insertion of one AFM probe. Using adapters of similar thickness to the 

cantilever probe bodies improved the lamination success at the cantilever areas. Adapters thicker 

than the probes were for instance not capable of properly adhering the dry film photoresist onto 

the cantilevers, and the resist would instead lie unsupported across the slit of the adapter.  

 
2 Lugol’s solution is a mixture of KI and I2. 
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Following standard cleaning protocols and dehydration (appendix section A), both adapter and 

AFM probe were attached to a thin glass slide by the adhesive Crystalbond 555. The cantilevers 

of interest were placed facing inward and as close as possible to the adapter. The dry film 

photoresist was thermally adhered to probe and adapter, by strategies explained in chapter 5.4. 

 

Figure 5.3. Silicon adapter accommodating dry film photoresist lithography of commercial AFM 

cantilevers. The AFM probe fits inside a slit in the adapter, while both adapter and probe are secured to 

a glass slide by an adhesive. Scale bar inset (left): 0.5 μm. Scale bar overview (right): 1 cm. Adapted from 

[152], CC BY 4.0, www.creativecommons.org/licenses/by/4.0/. 

 

 

5.3 Mechanical Properties and Design Limitations of the 

Tipless Silicon Nitride Cantilevers 

The resonance frequencies of the in-house fabricated, tipless silicon nitride cantilevers were 

measured, allowing both the cantilever Young’s modulus and spring constant to be determined. 

The Young’s modulus is an intrinsic material property, which together with the geometrical 

factors of cantilever length, width and thickness determines the cantilever spring constant and 

thereby the overall probe stiffness (see equation (3.2), page 25). For AFM operation, highly 

compliant, soft probes are for instance suited toward surface topography imaging at higher-detail 

compared to stiff probes with lower deflection sensitivities. Soft probes are furthermore well 

suited for measurements on soft samples such as cells, where the use of stiff probes may harm 

the delicate samples. Stiff probes are typically preferred for high scanning speeds, and for 

imaging “sticky” sample surfaces. 

The resonance frequencies of the tipless silicon nitride cantilevers were experimentally 

determined by the piezo actuator and integrated software of an AFM (Bruker Bioscope Catalyst), 

and the results were compared to both theoretical and computational studies. The typical, 150 μm 

long silicon nitride cantilevers used later in the experimental work were predicted to have few 
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resonance frequency modes in the measurable frequency range of the AFM between 5 kHz 

to 600 kHz. Such cantilevers were furthermore not perfectly rectangular, making a direct 

comparison to theoretical models more difficult. Instead, rectangular cantilevers were fabricated, 

of approximately 300 μm length, 100 μm width, and equipped with a reflective backside coating 

of a 5 nm Ti adhesion layer and 40 nm Au. Such cantilevers displayed all first four longitudinal 

resonance modes between 5 kHz and 600 kHz.  

The Young’s modulus was determined from the obtained resonance frequency data by 

equation (3.1), page 25, by considering the slope of the function fn(αn
2). This is shown in 

Figure 5.4. Recapitulating, n is the resonance mode number, fn is the nth mode resonance 

frequency, and αn is a vibrational mode factor. Resonance frequency data obtained from four 

similar silicon nitride cantilevers provided an average Young’s modulus of 227 ± 5 GPa, which 

is within the expected range for silicon nitride dominated cantilevers [153]. By equation (3.2), 

the spring constant of cantilevers with this geometry is 0.24 N m-1.  

 

Figure 5.4. The first four resonance frequencies of a 300 μm long, 100 μm wide, and 1 μm thick tipless 

silicon nitride cantilever with a thin backside metal coating, as a function of the square of the vibrational 

mode factor αn. A linear regression was performed to determine the cantilever’s Young’s modulus as by 

equation (3.1). 

 

 

Table 5.1 lists the experimentally observed resonance frequencies of one silicon nitride 

cantilever, as well as both, resonance frequencies obtained by finite element method (FEM) 

simulations performed by COMSOL Multiphysics, and analytical solutions calculated by 

equation (3.1), considering in the latter all three layers of silicon nitride and metals. All three 

methods showed good consistency, and hardly differed by more than 2 %. For simplicity, the 

5 nm Ti adhesion layer was omitted from the FEM simulations. This is supported by 

equation (3.4), which indicates negligible effects on resonance frequency by such a thin Ti layer.  
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Observe that neither the analytical nor FEM calculations depended on the here experimentally 

obtained cantilever Young’s modulus. Density and Young’s moduli of the three individual layers 

of the cantilever were instead provided by the COMSOL material database (see appendix 

section I). Some of the minor discrepancies between the models are likely related to using bulk 

material values from this database. Notably, the Young’s modulus of LPCVD silicon nitride is 

highly influenced by the growth conditions, and is reported to compromise values between 

220-360 GPa [153] depending on pressure, temperature, gas composition and flow, and film 

thickness. The silicon nitride film is also expected to be partly non-stoichiometric, yielding a 

material density different from perfectly stoichiometric Si3N4. The mechanical properties of the 

metal thin films are also expected to deviate from bulk-values, and any film inhomogeneities 

could lead to small deviations between the experimentally and theoretically obtained cantilever 

resonance frequencies. Finally, relatively small deviations in the silicon nitride film thickness 

have considerable effects on the cantilever resonance frequencies. The film thickness was 

assumed in all cases 1.0 μm as reported by the producer. However small thickness deviations are 

still expected. For example, decreasing the silicon nitride thickness by only 10 nm theoretically 

causes a 1.1 % resonance frequency increase. For the current system, this approximately 

translates to a 5.5 kHz increase of the 4th order resonance frequency. 

 

 

Table 5.1. 1st to 4th order resonance frequencies of a 300 μm long, 100 μm wide, and 1 μm thick tipless 

silicon nitride cantilever with a thin backside metal coating of titanium and gold. The experimental values 

were acquired directly by AFM, and analytical values were calculated by equation (3.1) compromising 

all three material layers. FEM was used for computational modelling, omitting the 5 nm Ti film. The 

methods differ at most by 1.8 %. 

 Resonance Frequency (kHz) 

Mode # Experimental Analytical FEM 

1 14.6 15.0 15.2 

2 93.3 93.7 94.8 

3 262.9 262.5 266.3 

4 517.1 514.4 523.6 

 

 

The design limitations of single-layer silicon nitride cantilevers were furthermore explored. 

Stable, 1 μm thick cantilevers up to 500 μm in length (and 50 μm width), and down to 2.5 μm 

width (and 150 μm length) were achieved. Longer, or narrower cantilevers of good stability 

might still be achieved at 1 μm silicon nitride film thickness, but were not yet tested.  

Cantilever thickness limitations were also evaluated, using similar silicon wafers from the same 

producer with double-sided LPCVD silicon nitride thin films, but at either 80 nm or 150 nm film 
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thickness. 150 μm long silicon nitride cantilevers were attempted within the same fabrication 

protocol. Here, 80 nm thick silicon nitride cantilevers were not stable, and only limited stability 

was achieved with 150 nm thick cantilevers. Reliable pattering of such thin, fragile silicon nitride 

membranes is therefore not recommended. The cantilever thickness limitation within these 

materials and protocols lies therefore between 150 nm and 1000 nm, but could not be more 

precisely determined as the middle film thicknesses were not available. 

5.4 Dry Film Photoresist Lithography on Silicon Nitride 

Microcantilevers 

This work was in part published in the article “Facile modification of freestanding silicon nitride 

microcantilever beams by dry film photoresist lithography”, 2019, J. Micromech. Microeng., 

29, 025014 [152].  

 

To serve as sensors, functional layers must be added to the typically silicon-based 

microcantilevers. A simple and well-known example are a type of (bio)chemical microcantilever 

sensors, where a single cantilever surface is homogenously coated with a thin film functionalized 

toward specific target analytes. A differential surface stress, Δσ builds up as analytes attach to 

this single surface, causing cantilever deflection, Δz according to the Stoney equation (5.1) [154]. 

 

∆𝑧 =
3(1 − 𝜈)𝐿2

𝐸𝑡2
∆𝜎 (5.1) 

Where E, ν, t and L are the cantilever’s Young’s modulus, Poisson ratio, thickness and length 

respectively. Depositing such homogenous cantilever coatings is mostly straightforward, by 

techniques such as thermal evaporation (of metals) [155], inkjet printing (of polymers or thiols-

based molecules) [156], shadow masking (of metals or polymers) [157], spray coating [158] or 

spin-coating [159] of polymers, albeit the film uniformity of such spin-coated polymers is 

debatable. Contrarily, more advanced sensor designs require specifically patterned layers to 

implement for instance electrodes or other functional structures onto the microcantilever beam 

and probe body. Well-established photolithography is commonly used to realize such 

specifically patterned microcantilevers. Here the functional layers are first patterned onto planar 

substrates by spin-coating, followed by the additive or subtractive processes. The cantilevers, 

now pre-equipped with the sensing materials, are only formed in a final release step from the 

bulk substrate by means of wet or dry etching. Material compatibility is crucial within the entire 

fabrication protocol to sustain the patterned layers’ continued functionality following the 

cantilever formation. This can be challenging within harsh etching processes, which may cause 

damage to the advanced sensing elements.  
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Directly patterning pre-fabricated, free-standing microcantilevers by spin-coating would instead 

make the final microcantilever etch-release redundant. So why is patterning on planar substrates 

instead preferred? The answer is edge-bead formation. As mentioned earlier, edge-beads are 

resist thickness inhomogeneities at the outer edges of any spin-coated substrate. Imagining a 

free-standing microcantilever as nothing but one small edge, it becomes evident why spin-

coating of microcantilevers produces a varying resist thickness along the cantilever’s lateral 

dimension. An example of a spin-coated, free-standing microcantilever is shown in 

Figure 5.5(a). The interference-based color differences are caused by variations in the 

photoresist thickness. UV-exposure strategies and resist development consequently proves 

unsuccessful on such probes.  

 

Figure 5.5. (a) Tipless silicon nitride microcantilever after photoresist spin-coating. Photoresist 

interference effects result in a display of colors on the cantilever and edges of the bulk silicon substrate, 

indicative of a non-uniformly thick photoresist film. Proper photoresist UV-exposure of such samples is 

hardly possible as a well-defined exposure dose does not exist. (b) Silicon nitride microcantilever covered 

by a dry film photoresist. Resist thickness fluctuations of the severity seen with the spin-coated cantilever 

are absent, as indicated by the constant color contrast at the cantilever without any interference related 

color-play. Scale bars 100 μm.  

 

 

Several alternative strategies to spin-coating were shown previously, capably achieving 

micropatterning of already free-standing microcantilever beams. Notable examples include ice 

resist lithography [12], FIB [3], thermally evaporated (electron-beam) resists [10], resist float 

coating [160], stencil lithography [13], implementation of a planar support under the 

cantilever [9], lamination of a self-fabricated dry film electron-beam resist [15], and possibly 

spray coating [161-163]. But despite realizing nanometer patterning resolution by either, ice 

resists, FIB, stencil lithography, and electron-beam resists, the presented methods have limited 
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applicability for high-throughput fabrication in terms of their overall cost, time-consumption or 

lack of technological availability.  

Shown here is instead a microcantilever patterning strategy based on dry film photoresist 

lithography. The strategy is time-efficient even compared to spin-coating, requires almost no 

additional equipment besides commonly available photolithography devices like the mask 

aligner, and is compatible with high-throughput microfabrication. Dry film photoresists are as 

discussed previously, solid, photosensitive films with precisely defined thickness. Thermal 

lamination of dry film resists onto both the in-house, and commercial cantilever substrates shown 

previously (c.f. Figure 5.2 and Figure 5.3) immediately accomplished a homogenous photoresist 

coating of the microcantilever regions without any edge-bead formation. This is exemplified in 

Figure 5.5(b). Microcantilever probes modified by dry film photoresist lithography in 

combination with general additive or subtractive patterning (e.g. lift-off or dry etching) are 

shown in the subsequent sub-chapters. However, before presenting these cantilevers modified 

by dry film photoresist lithography strategies, the general process flow of dry film photoresist 

lithography requires an introduction.  

First, both in-house and commercial cantilevers and substrates were cleaned by the standard 

cleaning protocol involving acetone and isopropanol (appendix section A). Subsequent 

dehydration of the substrates and cantilevers on a hotplate was especially important for ensuring 

proper dry film photoresist adhesion within the next step. Either 5 μm or 25 μm thick dry film 

photoresists (ADEX, DJ MicroLaminates) were used, where the 5 μm thickness represents the 

thinnest commercially available dry film resists to date. Such thin 5 μm resists provide therefore 

the best patterning resolution on the dry resist market, capably patterning features down to 2 μm. 

The 25 μm thick dry film photoresists were chosen for the dry film resist pillar probes shown in 

chapter 5.4.4, where taller pillars were better suited for AFM by eliminating any concerns of the 

cantilever touching the sample before the resist pillar. 

The dry film photoresists were cut by scissors into appropriate sizes, before careful removal of 

the backside protective liner. Gentle mechanical pressure adhered a corner of the dry resist to 

the cantilever substrate, or silicon adapter in the case of commercial cantilevers. A thermal roller 

laminator (SKY-DSB 335R6, Figure 5.6) completed the dry film photoresist adhesion onto the 

in-house fabricated, tipless cantilevers. Before thermal roller lamination, the cantilever 

substrates were placed on a 1 mm thick aluminum carrier plate (see Figure 5.6) and fed at 

400 mm min-1 speed into the laminator heated to 65 oC. A 100 μm thick PET foil attached to the 

carrier plate avoided direct contact between the sample and the rollers. An addition anneal at 

50 oC on a hotplate for 5 min was subsequently performed, ensuring optimal dry film photoresist 

adhesion.  
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Figure 5.6. Thermal roller laminator used with dry film photoresists, with an adjustable roller 

temperature and speed. Substrates with dry film photoresist firmly adhered to one corner were placed on 

the aluminum carrier place equipped with a protective PET foil, and fed through the three rollers, 

effectively adhering the dry film photoresist to the substrate.  

 

 

Thermal roller lamination was omitted for commercial cantilevers, both in consequence of the 

fragile pyramidal scanning tips, as well as the larger probe thickness compared to the in-house 

cantilevers which would increase roller lamination pressures. Dry film photoresist adhesion was 

accomplished instead by manual thermal adhesion on a hotplate at 68 oC, causing the dry film 

photoresist already adhered to a corner of the silicon adapter to self-laminate on both adapter 

and AFM probe. Gentle mechanical pressure with a cotton swab aided homogenous resist 

adhesion. Some air bubbles inevitably formed, but rarely appeared on the cantilevers themselves 

(cf. Figure 5.3). Finally, the samples were additionally annealed on a hotplate at 50 oC for 5 min. 

Both in-house and commercial cantilevers were gently cooled back to room temperature on a 

stack of tissues before carefully removing the top protective liner by tweezers. In the case of 

commercial cantilevers, liner removal would occasionally cause partial dry film photoresist 

adhesion loss, but this was readily regained by hotplate annealing between 55 oC and 65 oC for 

some seconds. Subsequent dry film photoresist lithography followed conventional lithography 

protocols, with mask aligner UV-exposure, PEB typically between 85 oC to 95 oC, and resist 

development in cyclohexanone followed by an isopropanol rinse.  

5.4.1 Dry Film Photoresists as Microcantilever Dry-Etch Masks 

As a demonstration of dry film photoresist applicability within subtractive microfabrication 

protocols, both in-house and commercial silicon nitride cantilevers equipped with 5 μm thick 

dry film photoresist masks were dry etched by RIE. Here an i-line mask aligner was used to 

pattern various circular structures with diameters between 3 μm to 11 μm in the laminated dry 

film photoresists. CF4-RIE for at least 15 min transferred the dry resist mask patterns into 
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circular holes in the cantilevers. The resist masks were easily removed by immersion in warm 

NEP after the etching. For optimal results without any dry film photoresist residues on the 

cantilevers, an additional round of either O2-RIE or diluted piranha solution efficiently removed 

the organic remnants.  

Results from the dry film photoresist mediated pattern transfer by dry etching are shown in 

Figure 5.7. Seen is the continued planarity of the etched cantilevers following the dry film 

photoresist removal, as well as an undercut in the etched structures varying between 0.2 μm and 

0.9 μm in width. The degree of under-etching increased with increasing structure size, and with 

increasing distance away from the probe body. The latter effect is likely explained by partial dry 

film photoresist adhesion loss at the cantilever extremities, and might in future benefit from a 

low-temperature adhesion anneal prior to dry etching. Under-etching furthermore decreased by 

a factor of 2 to 3 by addition of 22 sccm Ar-gas while keeping all other RIE parameters constant. 

Dry etching strategies providing greater etch anisotropy, such as ICP-RIE would likely also 

decrease under-etching in future [20].  

 

Figure 5.7. (a), (b) In-house- and (c), (d) commercial silicon nitride cantilevers after RIE with dry film 

photoresist masks. (a) Side-view of an in-house, tipless cantilever with three holes created by etching. 

The inset shows the under-etching. (b) Top-view of the same tipless cantilever. (c) Side-view, and (d) top-

view of a commercial AFM cantilever with a pyramidal scanning tip, and six etch-transferred holes of 

varying diameters. Scale bars 20 μm, with scale bar of inset in (a) 1 μm. Adapted from [152], CC BY 4.0, 

www.creativecommons.org/licenses/by/4.0/. 
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5.4.2 Dry Film Photoresist Masks for Metal Lift-Off on Cantilevers 

Metal patterning is an integral part of microfabrication, realizing for instance conductive circuit 

elements. Here, dry film photoresists adhered to the silicon nitride cantilevers functioned as 

lift-off compatible masks. 5 μm thick dry film photoresists on either the tipless silicon nitride 

cantilevers, or the commercial AFM silicon nitride cantilevers with scanning tips, were pattered 

by i-line mask aligner forming various circular structures after resist development. A metal film 

of 5 nm Ti and 100 nm Al was deposited by thermal electron-beam evaporation, followed by dry 

film photoresist lift-off in warm NEP. The resulting metal-patterned cantilevers are shown in 

Figure 5.8, page 46. The lift-off process was successful on both types of cantilevers, although 

some commercial cantilevers showed signs of metal adhesion loss despite the titanium adhesion 

layer. The problem pronouncedly appeared furthest away from the probe body. Thickness 

variations between the silicon adapter and AFM probe likely induced the adhesion loss, 

aggravated by sub-optimal surface planarity caused by the Crystalbond adhesive used to adhere 

both adapter and AFM cantilever to the underlying glass support. Conversely, metal adhesion 

on the in-house fabricated, tipless cantilevers was excellent, as such cantilever substrates were 

completely planar.  

Metal deposition on the pyramidal tips of the commercial cantilevers showed besides the metal 

adhesion loss also bubble formation near the tip base (Figure 5. 8(e), (f)). Such bubbles are likely 

related to shadowing effects during metal evaporation as samples were fixed to a planetary 

holder, but without any sample rotation and not at right-angles to the metal source. 
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Figure 5.8. (a), (b) Tipless in-house-, and (c)-(f) commercial silicon nitride AFM cantilevers after lift-off 

with a dry film photoresist mask. (a) Side, and (b) top-views of an in-house fabricated, tipless cantilever 

with three round aluminum structures. (c) Side, and (d) top-views of a commercial AFM cantilever with 

metal structures on both cantilever and probe body. (c) Metal adhesion loss was observed close to the 

free-standing end of the cantilever, as well as in (e)-(f) while using here instead 5 nm Ti and 30 nm Au. 

Bubble formation around the pyramidal tip is likely related to shadowing effects during metal 

evaporation. Scale bars 20 μm. (a)-(d) adapted from [152], www.creativecommons.org/licenses/by/4.0/, 

CC BY 4.0. 
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5.4.3 AFM Imaging with Commercial Cantilevers after Dry Film 

Photoresist Lithography 

Successful dry film photoresist lithography of the commercial AFM cantilevers equipped with 

sharp pyramidal scanning tips not only calls for reliable pattern transfer by the aforementioned 

etching and metal deposition techniques, but also requires the modified cantilevers’ continued 

ability to perform high-quality AFM imaging. This demands both, non-destructive thermal 

adhesion of the dry film photoresist onto cantilevers and scanning tips, and complete dry film 

photoresist removal, without any resist remnants on the scanning tips which degrade the overall 

AFM imaging quality and resolution.  

A simple test was performed verifying the probes’ continued AFM applicability either after the 

dry etching or lift-off. A standard reference sample with regular square pits (VGRP-GS, Bruker 

Nano) was first imaged in contact mode by virgin cantilevers, and the obtained root-mean-square 

(RMS) surface roughness and imaging quality were compared to similar scans performed by the 

modified cantilevers. AFM surface reconstructions (Figure 5.9, page 48) revealed no alterations 

in sample topography caused by tip artefacts, indicating the scanning tips were still intact without 

any changes to tip shape or size following the dry film photoresist modifications and extensive 

handling. The RMS surface roughness was compared after zero-order levelling of the 

topography data (NanoScope Analysis Software), excluding only the regions associated with the 

square pits. Surface roughness values varied between 0.4 nm and 0.8 nm, indicating both, 

damage-free thermal adhesion of dry film photoresists onto the fragile silicon nitride AFM 

cantilevers, residue-free resist removal, and the ability of 5 μm thick dry film resists to protect 

the 3.5 μm tall scanning tips during CF4-RIE and metal evaporation. 
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Figure 5.9. Contact mode AFM scans of a reference sample decorated with square pits at 10 μm pitch, 

imaged by commercial AFM cantilevers. The cantilevers were either in, (a) the unmodified (virgin) state, 

or modified by dry film photoresist lithography to have either, (b) etched structures (cf. Figure 5.7(c), (d)), 

or (c) metal structures (cf. Figure 5.8(c), (d)). The cantilevers were scanned back-forth in the x-direction, 

while moving up-down in the y-direction as indicated in (a). (d) Single scan lines (i.e. x-direction) 

extracted across three pits reveal a coherent behavior, and the expected information on sample 

topography could be extracted from all three cantilevers. Scale bars 10 μm. 

 

 

5.4.4 Flat-Ended Dry Film Photoresists Pillar AFM Probes - for 

Biological Applications  

Cylindrical, flat-ended dry film photoresist pillars were created on the free-standing ends of 

in-house fabricated, tipless silicon nitride microcantilevers. Such probes provide the first 

demonstration of patterned dry film photoresists serving as functional, permanent structures to 

realize cantilever sensor designs. The flat-ended pillar geometry furthermore possesses certain 

advantages compared to sharp pyramidal tips for their use in cell elastic modulus measurements. 

Here the AFM compatible probe bodies conveniently allowed facile integration into an AFM for 

measuring the elasticity of mouse NIH-3T3 fibroblast cell cultures. For that reason, a short 

overview of cell elastic modulus measurements by AFM is presented, emphasizing tip-shape 
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selection criteria. The advantages and disadvantages of using relatively large, flat-ended pillar 

geometries for the elasticity measurements are also discussed.  

Based on their relatively large size, the lateral imaging resolution obtained by the flat-ended tips 

is expectedly poorer compared to conventional AFM probes equipped with sharp pyramidal tips. 

The lateral imaging resolution of the dry film pillar probes was therefore experimentally studied 

at different pillar diameters and compared to theoretical predictions. The scan-stability of the 

pillar probes is furthermore important to ensure the reliability of the AFM measurements over 

both short and long timespans. The pillars’ stability after both, a 12 h contact mode AFM scan, 

and a 6 h immersion in water were therefore studied, as well as the effects of the AFM scan 

direction.  

Similar flat-ended pillars on silicon nitride cantilevers, of customizable shapes and sizes, were 

also demonstrated from nanocrystalline, CVD-grown diamond. Such diamond tips possess 

certain advantageous properties toward biological applications, with the potential of integrating 

nitrogen-vacancy (NV)-centers in future. Flat-ended dry film photoresist pillars were also 

created on commercial silicon nitride cantilevers with scanning tips, but using direct laser writer 

(DLW) exposure instead of the mask aligner. Such probes served only as a proof-of-principle 

for dry film photoresist DLW on (commercial) cantilevers. 

Fabrication and morphology of dry film photoresist pillars on cantilevers 

Flat-ended, dry film photoresist pillars were created on the tipless, in-house fabricated silicon 

nitride cantilevers within a single round of photolithography compromising as before mask 

aligner UV-exposure and PEB. Resist development in cyclohexanone directly formed dry film 

photoresist pillars close to the free-standing ends of the cantilevers, and an additional hardbake 

at 175 oC for 1.5 h on a hotplate increased the resist pillars’ mechanical and chemical stability. 

For optimal laser-optical AFM readout, a reflective backside coating of 5 nm Ti and 40 nm Au 

was deposited by thermal evaporation. Examples of the cantilever pillar probes are shown in 

Figure 5.10, page 50. Dry film photoresist pillars of both 5 μm and 25 μm height were fabricated, 

with 2.5 μm and 5 μm achievable minimum pillar diameters respectively. 

Morphologically, all pillars displayed rough sidewalls covered by bumps between 0.3 μm and 

0.4 μm in diameter. The resist pillars’ top surface was predominantly flat, but displayed an 

elevated outer edge of 0.6 μm to 0.8 μm width. Sometimes bumps also appeared on the top resist 

surface as exemplified in Figure 5.10(c), and whose origins are reasonable to relate to 

pre-deformations in the as-acquired dry film photoresists. The top surface bumps are 

alternatively an effect of the thermal roller lamination where small dirt particles stuck to the 

rollers or PET foil might locally deform the dry film photoresists. Nevertheless, neither bumps 

on the dry film resist pillar sidewalls or top surface likely pose problems for the cell indentation 

evaluations discussed shortly, as the small bumps hardly change the effective contact area 

between the pillar and cells.  
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Figure 5.10. (a) 25 μm tall, flat-ended and hardbaked dry film photoresist pillar on a silicon nitride 

cantilever. The pillar diameters were (b) 5 μm, (c) 10 μm, (d) 15 μm, and (e) 20 μm. The pillars exhibited 

bumps on sidewalls, and an elevated outer rim along the top surface. (c) Occasionally bumps also formed 

on the top surface. Bright spots and streaks are SEM charging effects. Scale bar (a) 20 μm. 

Scale bars (b)-(e): 2 μm. Adapted from [152], CC BY 4.0, www.creativecommons.org/licenses/by/4.0/. 

 

 

As to the origin of the resist bumps, Ceyssens et al [19] claimed that sidewall protrusions in 

chemically similar SU-8 resists are caused by a high remnant solvent concentration after 

soft-bake, which aids photoacid diffusion into the unexposed resist, that is to say the sidewalls. 

The hypothesis of excessive solvent content causing bumps on the dry film photoresist sidewalls 

was tested using planar silicon samples roller laminated with 5 μm thick dry film photoresists. 

Attempts at lowering dry film photoresist solvent concentrations were realized by prolonging 

the post-lamination bake to either 15 min, 1 h or 4 h at 55 oC, with or without the top protective 

liner in place. A prolonged bake should aid solvent evaporation, but the sidewall morphology of 

the developed dry film photoresists did not change as a function of bake duration, and exhibited 

similar bumps on the sidewalls regardless of bake length. Hardbaking after development 

between 90 oC and 150 oC did also not remove the sidewall bumps. Note that bumps appeared 

on all developed dry film structures also besides such pillars, but at this resolution bumps pose 

no significant problems when dry resists are used as temporary masks for etching or lift-off.  

Optical microscopy employed in side-view furthermore revealed that all cantilevers equipped 

with dry film resist pillars kept their angular alignment even after the backside metal deposition. 

Theoretical evaluations furthermore confirmed the weight of the dry film resist pillars used in 

this work to have negligible effects on the cantilever deflection, Δz approximated by 

equation (5.2) [164]. 

 

∆𝑧 =
𝐹𝐿3

3𝐸𝐼
 (5.2) 
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Where L, E and I are the cantilever’s length, Young’s elastic modulus and moment of inertia 

respectively. F is the force of gravity exerted by the dry resist pillar with approximate density 

1.2 g cm-3 (see chapter 5.5.3), and assumed here to act at the free-standing end of the cantilever 

like a point mass. For the largest pillar used in this work, 25 μm height and 22 μm diameter, this 

force is only 0.1 nN, yielding an insignificant cantilever deflection of approximately 0.1 nm.  

Dry film resist pillars were also fabricated on the commercial silicon nitride cantilevers, 

pre-assembled as before inside the silicon adapter. DLW exposure was used instead of mask 

aligner (μPG 101, from Heidelberg Instruments), with a 375 nm UV-laser source which 

prevented T-topping (see chapter 3.1.2). A series of pillars with varying diameters were created, 

using opposing corners on each individual cantilever as pseudo-alignment markers for the mask 

design. Following DLW exposure and PEB, the samples were developed in cyclohexanone as 

before with the resulting pillar structures shown in Figure 5.11. Such probes were not used for 

cell measurements, but demonstrate the applicability of a contact-free, direct-write exposure 

strategy allowing rapid prototyping of new designs, at comparable qualities to mask-aligner 

photolithography.  

 

Figure 5.11. (a) Two commercial silicon nitride cantilevers equipped with ensembles of dry film 

photoresist pillars of diameters between 5 μm and 11 μm, created by DLW. (b) Close-up of the dry film 

photoresist pillars reveals that DLW, like mask aligner exposure, forms bumps on the resist sidewalls. 

The edge of the top resist surface seems flat, without the elevated rim seen with mask aligner exposure 

(cf. Figure 5.10). This is likely related to the strong impact of the laser focus distance on the resulting top 

surface morphology. In this example, the laser was manually focused as close to the top surface of the 

resist as possible. Scale bar (a): 50 μm. Scale bar (b): 10 μm. Adapted from [152], CC BY 4.0, 

www.creativecommons.org/licenses/by/4.0/. 

 

 

Considerations for cell elastic modulus measurements by AFM 

Before presenting the results from the cell elasticity measurements with the flat-ended dry film 

resist pillars, an introduction to the general measurement principle is in order. Generally, cell 

elastic moduli are determined by AFM using cantilevers equipped with sharp pyramidal 
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scanning tips or spherical indenters. Pyramidal tips have the inherent disadvantage of 

significantly changing contact areas during cell indentation, which is also the case but assumed 

better defined for spherical indenters [165]. Compared to pyramidal and spherical geometries, 

flat-ended cylindrical pillars provide a more constant contact area within a wider range of cell 

indentation depths. This feature is important especially for cell adhesion measurements, which 

highly depend on the contact area between the probing tip and sample surface [165-168]. The 

flat-ended geometry is also beneficial for measurements on soft samples such as living cells, 

which otherwise may suffer from locally high, and potentially destructive strains when 

investigated by sharp pyramidal tips.  

The apparent cell elastic modulus depends on the indenter geometry, as was already discussed 

elsewhere [165, 168-170]. Here, higher cell elastic moduli were obtained using pyramidal 

geometries, compared to both spherical and flat-ended indenters, by effect of the strong curvature 

of the pyramidal tip apex. The topic is however still debated. Cells can furthermore be considered 

inhomogeneous entities consisting of several components, with elastic properties thus displaying 

a significant spatial variation across the cell body [171]. Sharp pyramidal tips, with high lateral 

imaging resolution are therefore optimal for properly evaluating minute differences in the elastic 

modulus across the whole cell. Contrarily, flat-ended pillars offer larger contact areas and are 

therefore interesting tools for evaluating the cells’ combined response under a load, as well as 

the mechanical properties of tissues, rather than highly local states.  

Previously, AFM cantilevers equipped with flat-ended silicon pillars were used to determine the 

elastic modulus and adhesion properties of some cells [166, 167]. Such pillars were produced by 

FIB milling of the pyramidal scanning tips of commercial AFM cantilevers, yielding tip 

diameters between 1-2 μm. AFM cantilevers with flat-ended silicon tips are also commercially 

available. FIB-milling does however add to the manufacturing costs of such probes, which 

consequently retail at 2 to 3 times the price of conventional tapping-mode silicon cantilevers 

(comparing PL2-CONTR to PPP-CONT cantilevers respectively, from Nanosensors). 

Flat-ended dry film photoresist pillars are in comparison cheaper and easier to produce, with 

potential to substantially reduce manufacturing costs of flat-ended AFM tips or indenters. 

Determining mouse cell elastic moduli with dry film photoresist pillar probes 

The elastic modulus of fixated NIH-3T3 mouse fibroblasts (ATCC) in standard phosphate 

buffered saline (PBS) were measured with an AFM (JPK NanoWizard 4)3. Both, standard 

cantilevers with pyramidal scanning tips (MSNL, Bruker Nano), and cantilevers equipped with 

the flat-ended, dry film photoresist pillars were used and the results were compared to each other. 

The cells were grown overnight on fibronectin-coated cover glass, treated for 2 h in PBS with 

4% formaldehyde, and finally washed three times in PBS. Data evaluation was performed 

 
3 Cell elasticity measurements performed by F. Port, Institute of Experimental Physics, Ulm University. 
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directly by the AFM software, which assumed Sneddon and Harding’s formula [172], 

i.e. equation (5.3), for a flat-ended cylinder of radius a, representing here the dry film photoresist 

pillar radius. The software extracted the Young’s elastic modulus, E by analyzing the loading 

part of the force-distance curves at each pixel of the scan.  

 
𝐹 =

2𝐸

1 − 𝜈2
⋅ 𝑎𝛿 (5.3) 

The equation also assumes a force, F, Poisson ratio, ν (set to 0.5), and an indentation depth, δ. 

The dry film resist pillar’s elastic modulus is expected to be at least five orders of magnitude 

larger than the elastic modulus of the mouse cells, assuming here a 1 GPa order of magnitude 

for  the hardbaked dry film resist, and 1-100 kPa [173] for the mouse cells. The elastic modulus 

in equation (5.3) corresponds therefore directly to the elastic modulus of the mouse cells, without 

a significant impact from dry film photoresist deformation during the indentations. Furthermore, 

while equation (5.3) provides the closest available approximation to the elastic modulus within 

the AFM data analysis software, it notably disregards the inherent 12o cantilever probe 

inclination of the AFM. Validation and improvements to the current model, adapting to the pillar 

inclination, are therefore required in future.  

NIH-3T3 mouse fibroblasts typically measure at 30 μm diameter and 5 μm in height. A large, 

15 μm diameter dry film photoresist pillar, of 25 μm height, was exemplary chosen for the first 

measurements, providing an averaged elastic modulus response originating from a large area of 

the cell body, instead of local states as discussed previously. The lateral imaging resolution with 

such large pillars naturally suffered compared to conventional AFM probes equipped with sharp 

pyramidal tips, as seen in Figures 5.12(a) and (b) (page 54). The cell densities were different in 

the two cases, but the sharp tip provides nevertheless a clearer image of the cell’s shape and size. 

The lateral imaging resolution as a function of pillar diameter is investigated in the next section. 

On the other hand, the vertical imaging resolution was similar for both tip geometries, 

consistently yielding cell heights of approximately 5 μm as expected.  

As noted previously, the tip geometry is expected to have a major influence on the apparent cell 

elastic moduli, with sharp pyramidal tips generally yielding higher values. This is consistent also 

with the current observations. A median value of 82.7 kPa was obtained during cell indentation 

with pyramidal AFM tips, of the same order of magnitude as reported by Codan et al who used 

similar cells and scanning probes [173]. A considerably lower elastic modulus of median value 

3.1 kPa was obtained with the flat-ended dry film resist pillars, additionally displaying a one 

order of magnitude smaller elastic modulus variation compared to the pyramidal tips 

(Figure 5.12(d), (e)). There are two main effects likely explaining the differences in the elastic 

modulus variation. First, as discussed previously the pyramidal tips offer a much higher degree 

of lateral localization with the inhomogeneous cells compared to the larger pillars. With the 

pyramidal tips, the cells’ mechanical response is evaluated at small areas at a time, intuitively 
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increasing the variation in elastic modulus. Larger, flat-ended dry film photoresist pillars average 

instead the cells’ mechanical response from much larger areas, accordingly resulting in smaller 

variations in the elastic modulus. Secondly, sharp pyramidal tips are able to punch through the 

cells, suggesting also an influence of the growth substrate on the elastic modulus. 

To conclude, cantilever probes equipped with large area, flat-ended dry film photoresist pillars 

appear to be capable tools for measuring the elastic moduli of cells, seemingly excelling at 

averaging the cells’ combined response to mechanical loads compared to conventional, 

pyramidal tips more suited for measuring local states. In principle the pillar geometry should 

furthermore provide a near-constant contact area with the cells, compared to the contact areas of 

pyramidal geometries which change during the indentation. Regardless, the working principles 

and geometry effects of dry film photoresist pillars still require further investigations before such 

probes can be put to large-scale use.  

 

Figure 5.12. (a) Topography of fixated NIH-3T3 mouse fibroblast cells obtained by a commercial AFM 

cantilever equipped with a sharp pyramidal tip. (b) Cell topography obtained with a 15 μm diameter dry 

film photoresist pillar on an in-house fabricated cantilever. Broadening effects with the dry film 

photoresist pillar are evident while comparing the images (a) and (b). Notice that the scan regions, and 

therefore the cell densities in (a) and (b) are different. (c) The elastic moduli obtained by the dry film 

photoresist pillar, corresponding to the scan area in (b). The cell nuclei have higher elastic moduli 

compared to the space between the cells. (d), (e) Boxplots representing the median and elastic modulus 

variation obtained by cantilevers with a sharp tip, or the dry film photoresist pillar respectively. Appendix 

section H provides insight to interpreting boxplots. Adapted from [152], CC BY 4.0, 

www.creativecommons.org/licenses/by/4.0/. 



5.4   Dry Film Photoresist Lithography on Silicon Nitride Microcantilevers 

55 

Lateral imaging resolution with dry film photoresist pillars 

As already demonstrated by Figures 5.12(a) and (b), AFM imaging with the flat-ended pillar 

probe caused a loss of lateral resolution compared to imaging with the sharp, pyramidal scanning 

tip. The general effects of tip size on AFM imaging resolution are illustrated in Figure 5.13. Tip 

broadening affects not only the spatial resolution by convoluting straight sidewalls into 

structures with sloped steps, but may also alter the apparent shape of other surface features. 

Trenches may for instance appear excessively shallow when imaged by tips larger than the trench 

dimension. 

 

Figure 5.13. Demonstrating AFM convolution effects by tip-size, while imaging (a), (b) pits, or (c), (d) 

steps, either with (a), (c) a large, or (b), (d) small tip diameter. The dotted (red) lines show the convoluted 

image profiles. Smaller tips improve the lateral imaging resolution, while the vertical resolution is 

accurately reproduced in all cases besides (a). Here the large tip is unable to fit inside the trench, giving 

it a shallow appearance. 

 

 

Broadening effects as a function of the dry resist pillar diameter were investigated in detail. 

Specifically, the broadening of straight sidewalls imaged by flat-ended pillars of diameter Ø was 

investigated, and the apparent sidewall width, Δx was determined theoretically, and related to 

already known variables. Figure 5.14 (page 56) aids the mathematical derivation, where 

situations (a) and (b) represent scenarios of large and small steps respectively, as defined by the 

step height, h. Shown is a pillar-on-cantilever moving across a straight sidewall in the indicated 

scan direction. The cantilever probe is inclined by θ degrees to the horizontal surface, which is 

an inherent feature of AFMs. Figure 5.14(c) shows a close-up of a small step height, where the 

relation δ = h/sinθ is found by simple trigonometry. The relationship is only valid for δ < Ø/2.  
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For δ greater or equal to the pillar radius, Ø/2, the outer perimeter of the pillar touches the 

sidewall first. And as illustrated in Figure 5.14(d), the apparent sidewall width measured by the 

AFM, Δx, is approximated as the distance the pillar travels from position of first contact with 

the sidewall, to the point where the lowermost part of the pillar touches the upper edge of the 

sidewall, at height h. This means that for the large step condition, Δx = Ø/2. 

 

 

Figure 5.14. Visualizations of the interaction between a cantilever equipped with a flat-ended pillar, and 

a vertical surface step of either, (a) large, or (b) small step height, h. The apparent sidewall width, Δx of 

small steps is derived by considering figures (c) and (d), with a thorough explanation provided in the text. 

The trick is to relate the apparent sidewall width to already known variables. 

 

 

The distance 2Δx illustrated in Figure 5.14(d) is the cord of a circle, related to the pillar diameter 

by equation (5.4). 

 Ø

2
=

𝛿

2
+

(2∆𝑥)2

8𝛿
 (5.4) 

Leading to the quadratic equation (5.5) for the apparent sidewall width, Δx. 

 
∆𝑥 =  ±√Ø − 𝛿 (5.5) 

Only the positive solution is considered and represents the small step. This finally yields the 

following equations for each situation: 
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Small step: ∆𝑥 = √
ℎ

sin𝜃
(Ø −

ℎ

sin𝜃
) ;  ℎ < 𝑠𝑖𝑛𝜃 ⋅

Ø

2
 (5.6) 

Large step: ∆𝑥 =
Ø

2
 ;  ℎ ≥ 𝑠𝑖𝑛𝜃 ⋅

Ø

2
 (5.7) 

A comparison of the theoretical predictions to experimental results was performed using a self-

fabricated LPCVD silicon nitride reference sample, with 26 μm x 26 μm square pits with 

sidewalls close to 90o. The step height was 235 nm, indicating that pillars above 2.3 μm diameter 

are treated by the small step equation (5.6), while pillar diameters below 2.3 μm are evaluated 

by the large step equation (5.7). Contact mode AFM was used to image the reference sample in 

the considered scan direction, using both, in-house cantilevers equipped with various dry film 

photoresist pillars between 3.0 μm and 22.2 μm diameter, and a commercial silicon cantilever 

with a flat-ended silicon pillar of 1.8 μm diameter (PL2-CONTR, Nanosensors). Figure 5.15 

compares the theoretical prediction (solid line), to the experimental results. The high degree of 

correlation supports the theoretical model.  

 

Figure 5.15. Cantilevers equipped with flat-ended dry film photoresist pillars of either 5 μm height 

(Ø 3 μm), or 25 μm height (Ø 11.5 μm, 17.5 μm, 22.2 μm), and a commercial cantilever with a flat-ended 

silicon pillar (Ø 1.8 μm) were scanned across near-vertical sidewalls of height 235 nm by contact mode 

AFM. The apparent sidewall width obtained by each pillar shows a high degree of correlation with the 

theoretical predictions, supporting the derived tip-convolution equations for flat-ended pillars.  

 

 

Stability of dry film photoresist pillars for AFM  

Three experiments were designed to evaluate the performance of the dry film photoresist pillar 

probes under various real-life conditions. Scanning lifetime was evaluated by AFM contact 

mode imaging of the silicon nitride reference sample mentioned previously with the 235 nm step 
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heights, using a 22 μm diameter, 25 μm tall, dry film photoresist pillar probe. No change was 

observed in the sample topography even after a continuous 12 h scan, and SEM inspections 

revealed no changes to pillar morphology or alignment as shown in Figures 5.16(a) and (b). 

The pillar’s stability in aqueous environments is furthermore important for measurements in 

biological systems. Here the cantilever probe was completely immersed in DI-water for 6 h, 

resembling an adequate AFM scan time. No structural changes were observed by SEM 

inspection of the probe on the same day (Figure 5.16(c)), such as swelling of the pillar or resist 

detachment from the silicon nitride surface. Some swelling of the dry film photoresist is however 

likely, as was previously observed with similar SU-8 photoresists. Here it was shown that SU-8 

swells when immersed in water, but quickly returns to the initial dry state following removal 

from the liquid [174, 175]. Probe immersion in PBS solution, more closely resembling real 

biological conditions, would furthermore be interesting in future for evaluating any degree of 

salt deposition on the dry film resist pillars following extended use. 

 

Figure 5.16. The same dry film resist pillar on cantilever, (a) directly after fabrication, and (b) after a 

12 h contact mode AFM scan on a structured silicon nitride surface, followed by (c) a 6 h water 

immersion. Neither structural nor image quality alterations were observed while comparing both SEM 

and AFM images before and after the 12 h scan, and after water immersion. Scale bars 10 μm. 

 

 

Finally, the pillars’ stability in the vertical scanning direction was evaluated during contact mode 

imaging of the same silicon nitride reference sample. The 90o change of scan direction repeatedly 

caused a small section at the front of the pillar to chip off (Figure 5.17(a), (b)), which also 

occurred with commercial FIB-etched silicon pillar probes (PL2-CONTR, Nanosensors), 

(Figure 5.17(c), (d)). Avoiding such damage requires therefore careful choice of scan parameters 

to minimize the force on pillar, or exchanging to tapping mode or PeakForce tapping. Proper 

sample alignment to avoid completely the vertical scan direction is however more convenient as 

the horizontal scan direction never caused any pillar damage. Notice that the previous equations 

derived for apparent sidewall width, equations (5.6) and (5.7), no longer are valid for the vertical 

scan direction, due to differences in the tip-shape convolution. Here, the apparent tip shape is 

different compared to the horizontal scan direction, and no longer symmetric in the trace and 

retrace directions.  
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Figure 5.17. (a), (b) Dry film photoresist pillar, and (c), (d) commercial silicon pillar, after contact mode 

AFM scans of a reference sample. The uncommon vertical (Vert.) scan direction was used, instead of 

horizontal (Horiz.) The detailed images (b) and (d) reveal damage occurring to both probes, localized at 

the front side of the pillars. Prior to AFM operation, both types of pillars exhibited pristine planar 

surfaces. Scale bars (a), (c): 10 μm. Scale bars (b), (d): 1 μm. 

 

 

Alternative modifications with dry film resist pillars on cantilevers 

As an alternative to placing dry film photoresist pillars on free-standing, yet planar cantilevers, 

dry film photoresist pillars were demonstrated also on top of holes previously etched into the 

in-house cantilevers. Figure 5.18 shows the top- and backside perspectives of one such probe, 

demonstrating perfectly vertical pillar alignment, and complete coverage of the hole. This 

demonstrates again the diverse abilities and achievable fabrication possibilities within dry film 

photoresist lithography.  

 

Figure 5.18. A silicon nitride cantilever with a hole created previously by RIE, equipped with a dry film 

photoresist pillar on top of the hole. (a) The frontside view indicates vertical, and stable pillar alignment, 

and (b) the backside reveals complete hole coverage, shown in detail in (c). The rough silicon nitride 

edges around the hole are an effect of silicon nitride RIE. Scale bars (a), (b): 20 μm. Scale bar (c): 2 μm. 
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Flat-ended pillars of other materials - diamond 

AFM cantilevers equipped with flat-ended pillars of other materials besides dry film photoresist 

or silicon are in principle also capable tools for various end-user applications. As an example, 

nanocrystalline, CVD-grown diamond pillars were created at the free-standing ends of in-house 

fabricated, tipless silicon nitride cantilevers. For this purpose, the fabrication protocol of silicon 

nitride cantilevers was followed to the point of completed silicon KOH etching 

(cf. Figure 5.1(d)). Instead of patterning and etching the silicon nitride membranes into 

free-standing cantilevers, the substrate was instead cleaned and rendered more hydrophilic by a 

CF4-plasma treatment. Shortly afterwards a seeding solution of colloidal diamond nanoparticles 

was spin-coated on the substrate, serving as nucleation points for the diamond growth.  

Diamond was grown to a thickness of 3.5 μm over 8 h by plasma-assisted CVD at 800 oC 4. 

A subsequent O2-plasma ICP-RIE with an aluminum hard mask patterned previously by lift-off, 

accomplished diamond pillars on the still intact silicon nitride membranes. The aluminum mask 

was gently removed in a mild alkaline solution (AZ 726 MIF) for some hours, and the silicon 

nitride was structured into cantilevers by CF4-RIE with a resulting diamond pillar probe shown 

in Figure 5.19. Interestingly only very few diamond nanowires formed during the diamond 

oxygen etching. Such nanowires frequently result from redeposition of etched aluminum, which 

act as tiny, local etch masks [176-178]. Here, the aluminum was restricted to 28 pillar masks 

clearly limiting the amount of aluminum available for such redeposition.  

As mentioned in chapter 3, diamond possesses a plethora of properties potentially interesting for 

AFM applications. Such as good biocompatibility, a high resistance to mechanical wear, and a 

high resistance toward many aggressive chemicals. Diamond is also an interesting material for 

realizing NV centers, albeit it should be mentioned that monocrystalline diamond is preferred 

for such applications. Cantilevers equipped with diamond pillars containing NV centers are 

interesting for example in studies of nanoscale magnetic- and electric field imaging. The imaging 

of interesting magnetic nanoscale phenomena were already demonstrated with cantilever 

scanning probes equipped with NV-center diamond pillars [179-181].  

 
4 With help from Dot. A. Pasquarelli, Institute of Electronic Devices and Circuits, Ulm University. The full recipe is 

found in the appendix section D. 
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Figure 5.19. Diamond pillar on a silicon nitride cantilever. A diamond film grown on planar silicon 

nitride membranes was patterned by O2 ICP-RIE, and the cantilevers were released by CF4-RIE. 

Scale bar 20 μm, with scale bar inset 2 μm. 

 

 

5.4.5 Nanowire Resistor on Cantilever by Dry Film Photoresist 

Lithography 

Passivating layers are important components within numerous cantilever sensor designs, serving 

for instance the purpose of embedding, and protecting conductive functional layers on the 

cantilevers from the outside environment. Exposed metal contacts are for example not 

particularly suited for measurements within liquids. Here, structured dry film photoresists were 

used to partly passivate an in-house fabricated nanowire resistor on cantilever, enabling its 

operation within a liquid environment. This also demonstrates a second application for dry film 

photoresists functioning as permanent, functional materials for cantilever sensors. Nanowires 

are furthermore interesting components within biosensors, as was frequently demonstrated in 

literature, also in combination with cantilever sensor designs [182-184].  

As starting materials for the nanowire resistor fabrication, substrates containing tipless silicon 

nitride cantilevers were fabricated as before, and acted as target substrates for dry-friction 

contact printing of n-doped silicon nanowires. The nanowires were grown by the gold-catalyzed 

VLS mechanism in a CVD chamber (recipe: appendix section E), on 4 mm x 15 mm silicon 

substrates. A simple contact printing device (cf. Figure 3.7) mechanically transferred nanowires 

from the growth substrate to the cantilever target substrate by lubricant-free, dry friction. During 

contact printing, nanowires were deposited on both the cantilevers and bulk substrate, aligning 

more or less in the contact printing direction.  



5   Part A. Dry Film Photoresist Lithography of Microcantilevers 

62 

Metal contacts were fabricated on the contact printed cantilevers by dry film photoresist lift-off. 

Electron-beam assisted thermal evaporation was used to deposit a 5 nm, 300 nm, 20 nm, 60 nm 

stack of Ti, Al, Ni and Au respectively, sufficiently thick to cover the 150 nm to 200 nm diameter 

silicon nanowires. The nanowire surface oxide was removed within an HF dip for some seconds 

shortly before metal deposition. The nanowires were connected on either end by a roughly 5 μm 

separation gap between the metal contacts. Large contact pads were furthermore pattered on the 

cantilever probe bodies, allowing facile electrical characterization within a probe station. Finally, 

a passivating, 5 μm thick dry film photoresist was thermally laminated on the probes as before 

and patterned by mask aligner, with a complete nanowire resistor probe shown in Figure 5.20. 

The dry film resist ensured the liquid compatibility of the nanowire resistor by completely 

shielding the metal contacts from the surroundings. Only the large metal pads on the probe body, 

and a 2.5 μm gap across the silicon nanowires were left uncovered. The chemical and mechanical 

stability of the dry film photoresist passivation was also improved by hardbaking the probes 

between 150 oC to 175 oC for 1 h on a hotplate. The cantilevers bent upwards after the hardbake, 

but this would not necessarily be detrimental for any future AFM applications as such probes 

face toward the sample surface. Probe deflection can furthermore be minimized in future by 

improved control over the thermal cycling protocols (cf. chapter 5.5).  

 

Figure 5.20. Silicon nanowire resistor on a silicon nitride cantilever, with a patterned and permanent 

dry film photoresist passivation enabling measurements in liquid environments. (a) Top-view, with the 

contours of the metal contacts visible beneath the dry film resist passivation. The 2.5 μm wide passivation 

gap is observed as the dark line at the cantilever’s free-standing end, potentially allowing nanowires to 

sense and interact with the environment. (b) Detailed top-view of the passivation gap, revealing three 

aligned silicon nanowires, connected at each end by metal contacts (not seen). (c) Front view, looking in 

to the passivation gap and showing the dry film resist passivation, silicon nitride base, and silicon 

nanowires. 

 

 

The demonstrated protocol’s major advantage toward this nanowire resistor design is the absence 

of any aggressive wet or dry etching after deposition of the silicon nanowires and the passivation 

layer. Silicon is attacked both by common KOH- and CF4-plasma cantilever release strategies, 

which potentially would destroy any unmasked silicon nanowires. Contact printing directly onto 

cantilevers was furthermore preferred over contact printing on still intact silicon nitride 
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membranes. In principle the latter also realizes the devices presented here, by CF4-plasma 

etching into cantilevers after the metal contacts fabrication. However, the contact printing 

process on such membranes was completely random, realizing few functional devices as most 

nanowires were inaccurately positioned for successful alignment of the metal contacts. Nanowire 

deposition densities while contact printing directly onto free-standing cantilevers were instead 

much higher, allowing greater device yields. Certainly, random amounts of nanowires were 

deposited also on the cantilevers, meaning the current protocol hardly can be used to accurately 

pre-define the number of nanowires contributing to the resistors. Instead, increasing the metal 

contacts separation distance could help limit and control the number of successfully integrated 

nanowires in future. The contact printing speed as well as force were also not well defined within 

the current device, and were varied for each sample to reach the desired results. A more advanced 

nanowire contact printing device has since then been built by colleagues5, allowing a 

predetermined speed and force. Such a device might in future help realize more consistent 

nanowire deposition densities on the cantilevers. 

The resistance behavior of the nanowire resistor probes was studied by applying a maximum 

voltage sweep between -500 mV to 500 mV between the two electrodes. The measurements were 

performed both in air, and while immersed in a PBS electrolyte where an Ag/AgCl pellet served 

as reference electrode to keep the liquid potential stable. Resistance values, R on the order of 

20 kΩ to 22 kΩ were obtained from the IV-curves (n-doped silicon nanowires), and did not 

significantly change between the dry and liquid environments as seen in Figure 5.21. Possible 

reasons for the lack of sensitivity are discussed shortly. 

 

Figure 5.21. IV-curve of a nanowire resistor on cantilever with n-doped silicon nanowires, either in air 

or in PBS. The resistance behavior of the device in either environment was nearly indistinguishable.  

 

 
5 By P. Salimitari, Institute of Micro-and Nanotechnologies MacroNano®, TU Ilmenau. 
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A rough estimate of the charge carrier density, ne was performed using equation (5.8), with 

electrons as the majority charge carriers in these n-doped nanowires.  

 
𝑛e =

𝑙

𝑅𝜋𝑟2𝑞e𝜇e
 (5.8) 

Here l represents the nanowire length, r is the nanowire radius (roughly 90 nm), R is the 

measured resistance, and qe and μe are the elementary charge and electron mobility respectively. 

The electron mobility for silicon nanowires was assumed between 300-1100 cm2 V-1s-1 [185]. 

From this information, a charge carrier density between 1017-1018 carriers cm-3 was estimated, 

which is in a range pointing toward semiconductor behaviour. It seems therefore that the 

nanowires are measured, and not for instance some parasitic metal current path caused by 

improper lift-off. 

The nanowire resistors have in principle the design of an ion-selective field-effect transistor 

(ISFET) [186], with the gate compromising the 2.5 μm wide gap in the dry film photoresist 

passivation. During ISFET operation, a constant potential would be applied between the two 

electrodes, known as source and drain, while the device is subjected to for instance different 

electrolyte solutions. Changes in the chemical potential of the surface of the silicon nanowires 

within the gate alter the measured drain current, allowing for example pH measurements [187].  

The current fabrication protocol toward nanowire ISFETs on silicon nitride cantilevers produces 

in principle already functioning devices and high yields. That is, cantilevers were fractured 

neither by contact printing nor during the lithography, the dry film photoresist passivation 

exhibited excellent adhesion without any delamination or cracks, and the final assembled devices 

were electrically responsive. Yet further work into nanowire growth and doping optimization, 

and surface functionalization [187, 188], remain in order to realize sensitive silicon nanowire-

ISFET probes in future, as the current nanowires did not show any sensitivity when immersed 

into PBS.  

The lack of sensitivity could of course also be related to the microfabrication protocol and the 

material properties of the dry film photoresist. For instance, any polymer remnants in the gate 

would passivate the nanowires from the outside environment. There is also the question of 

whether or not the water-based electrolyte is able to properly wet inside the gap, which is 

required for successfully altering the environment around the silicon nanowires. To assess this, 

the contact angle of exposed and developed dry film photoresist was measured by the static 

sessile drop technique, yielding contact angles between 65-70o some days following a hardbake. 

The wetting behavior is therefore characterized as hydrophilic, albeit with relatively large 

contact angles. The question is then if the 1:1 width to height aspect ratio of the passivation gap 

accommodates proper wetting. This should be easily answered in future, simply by observing 

the gap region with a high magnification microscope following liquid immersion. Signs of an 
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air bubble should be readily visible, and could possibly be eliminated by simple agitation of the 

sample.   

5.5 Polymeric Dry Film Photoresist Cantilevers 

This work was in part published in the article “Direct polymer microcantilever fabrication from 

free-standing dry film photoresists”, 2020, J. Micromech. Microeng., 30, 095012 [189]. 

 

The popularity of silicon-based microcantilevers is undoubtedly related to their compatibility 

within common microfabrication techniques, yet certain cantilever sensor applications prefer 

alternative materials to silicon. For instance, silicon and silicon nitride possess high Young’s 

moduli typically in the order of 150-300 GPa [190], while (bio)chemical sensor applications 

based on analyte-induced cantilever surface stress as by the Stoney equation (page 40) prefer 

softer cantilever materials. Here, soft, polymeric and photo-patternable cantilevers are ideal, 

exhibiting instead Young’s moduli typically below 5 GPa [191]. Such polymer cantilevers are 

often based on SU-8 photoresists. The typical fabrication protocol for SU-8 cantilevers starts by 

spin-coating the liquid resist onto a planar (silicon) substrate, followed by mask aligner UV-

exposure of the cantilever design, and PEB. The resist thickness of this first SU-8 layer 

ultimately determines the cantilever thickness. Thicker cantilever probe bodies from SU-8 are 

created by a second round of spin-coating, UV-exposure and PEB on top of the first SU-8 layer. 

The two SU-8 layers can be developed either separately [192], or simultaneously [193, 194] to 

form polymer cantilever probes on the bulk substrate.  

Successful cantilever probe release notably demands a suitable pre-treatment of the substrate 

surface prior to SU-8 spin-coating. Two main release approaches from the bulk substrate were 

demonstrated previously, based on either a wet or dry release. In wet release, a sacrificial layer 

is deposited or grown on the substrate, using materials such as silicon oxide [195, 196], 

polysilicon [123], metals [193, 197], another polymer such as PMMA [192], or an OmniCoat 

release layer (from Kayaku Advanced Materials, formerly MicroChem) [192, 198]. Dissolution 

of the sacrificial layer in an appropriate liquid solution spontaneously induces the cantilever 

probe release. Dry release requires instead deposition of a “non-sticky”, low free-energy film on 

the substrate surface, often of fluorocarbon chemistry. This eases the mechanical probe release 

taking place either by tweezers or a razor blade [192, 199]. 

Either of the two release strategies are facilitated within well-equipped microfabrication 

cleanrooms, yet they both possess certain inherent disadvantages. Complete avoidance of 

cantilever plastic deformation within the dry release approach seems challenging [192, 200], 

while the wet release has struggled with cantilevers sticking to the probe body [201], and variable 

device yields [196], although high probe yields using PMMA sacrificial layers was recently 

reported [192]. Yet even a perfect release strategy, inducing no plastic deformation, cannot fully 



5   Part A. Dry Film Photoresist Lithography of Microcantilevers 

66 

circumvent residual stresses in the released probes. Residual stresses are here mainly caused by 

significant differences in the coefficients of thermal expansion (CTE) between the substrate and 

resist. This leads to residual thermal stress during the thermal cycling (i.e. soft-bake and PEB 

twice). And as discussed in more detail in chapter 5.5.2, the cross-linking density of spin-coated 

SU-8 cantilevers is partly inhomogeneous as solvent only escapes from the resist top surface. 

This again leads to non-uniform polymer shrinkage and stressed cantilever probes following 

substrate release. Several studies indicate the fabrication of stress-free and mechanically similar 

batches of spin-coated polymer cantilevers to be challenging, requiring high control, and a 

thorough understanding of the effects of both the PEB, hardbake and the relaxation time between 

resist development and probe release [192, 196, 200].  

Shown here is instead a versatile strategy for creating polymeric microcantilevers by dry film 

photoresist lithography. The protocol importantly both limits the amount of thermal cycling to a 

minimum, and completely omits any mechanical cantilever release from the bulk substrate. Both 

single and multilayer polymer cantilevers were created in this manner, and some were even 

equipped by patterned metals in an etching or lift-off process. 

There were already demonstrations in literature of dry film photoresist protocols creating 

polymer cantilevers, the first one by Abgrall et al in 2008 [22]. Here, 35 μm thick and self-

fabricated SU-8 dry film resists were adhered onto bulk substrates already equipped with 3D 

features, forming suspended dry film resist membranes after lamination. Subsequent UV-

exposure, PEB and resist development formed free-standing dry resist structures, including 

cantilevers. Some years later, Zhang et al [14] demonstrated the fabrication of polymeric 

cantilevers from 2 μm thick, self-fabricated SU-8 dry film resists. These dry resists were 

transferred for example onto bulk substrates containing trenches, forming again free-standing 

dry film resist membranes, with cantilevers formed following UV-exposure and resist 

development.  

The use of self-fabricated dry film resists has the advantage of possibly reaching sub-5 μm 

cantilever thicknesses, which is not yet directly possible with commercial dry film resists. Yet 

difficulties in self-fabricating dry film resists, especially of large film sizes, severely limits 

applications toward large-scale fabrication of sub-5 μm dry film resist cantilevers. In this regard, 

it must again be mentioned that the resist thickness is crucial toward overall cantilever stiffness, 

with thinner cantilevers producing softer probes assuming all other parameters stay constant as 

by equation (3.2) on page 25. Soft probes are for instance advantageous in terms of achieving 

greater deflection sensitivities as is required for certain cantilever sensor applications.  

In terms of stiffness, or more correctly spring constants, a simple calculations reveals why 

sub-5 μm polymer cantilevers are desirable. Polymer materials have generally lower Young’s 

moduli compared to silicon-based materials, but the importance also of probe geometry must not 

be forgotten in terms of the overall probe stiffness. The spring constants ratio between a 



5.5   Polymeric Dry Film Photoresist Cantilevers 

67 

rectangular silicon nitride cantilever and a dry film photoresist cantilever, of identical length and 

width, is given by equation (5.9). 

 
𝑘𝑆𝑖3𝑁4

𝑘𝑑𝑟𝑦 𝑓𝑖𝑙𝑚
=

𝐸𝑆𝑖3𝑁4

𝐸𝑑𝑟𝑦 𝑓𝑖𝑙𝑚
 (

𝑡𝑆𝑖3𝑁4

𝑡𝑑𝑟𝑦 𝑓𝑖𝑙𝑚
)

3

 (5.9) 

Where k represents the cantilever spring constant, and E and t are the Young’s modulus and 

cantilever  thickness respectively. The equation was found by rewriting equations (3.2) and (3.3). 

Taking a typical, thin silicon nitride cantilever of 0.5 μm thickness, and a 5 μm thick dry film 

resist as used here, and assuming 227 GPa and 4.2 GPa Young’s modulus for silicon nitride and 

dry film cantilevers respectively (see chapters 5.3 and 5.5.3), the thickness of the dry film resist 

cantilever must be reduced below 1.9 μm to outcompete the silicon nitride based material in 

terms of stiffness. There is however hope that with the recent years’ advances of producing ever 

thinner dry film photoresists, the future might at some point see sub-5 μm dry film photoresists 

on the commercial market. But before this happens, improvements toward dry film resist 

cantilever deflection sensitivities are accomplished instead in the simplest manner by increasing 

beam lengths (cf. Stoney equation (5.1), page 40). 

 

5.5.1 Fabrication of Single-Layer Dry Film Photoresist Cantilevers 

To realize suitable substrates for dry film photoresist cantilevers, the entire frontside silicon 

nitride film on previously microfabricated probe substrates (cf. Figure 5.1(c)) was removed after 

KOH-etching within another round of CF4-RIE (Figure 5.22(a), page 68). The samples were at 

this point scribed into two pieces, each 30 mm x 15 mm in size (Figure 5.22(b)). Similar to dry 

film photoresist lithography on silicon nitride cantilevers described in chapter 5.4, a 5 μm thick 

dry film photoresist was adhered to the substrates by thermal roller lamination at 65 oC with an 

additional anneal at 55 oC for 5 min on a hotplate for optimal resist adhesion. Following 

cool-down, the top protective liner was removed and the sample was UV-exposed with the 

cantilever design by mask aligner. The PEB was performed typically at either 60 oC for 3 h, 

90 oC for 15 min, or 95 oC for 10 min. Resist development in cyclohexanone directly formed 

free-standing dry film photoresist cantilevers without need for any elaborate release method. 

Cantilever lengths up to 1000 μm, and 1:20 aspect ratios were in this way reliably assembled 

(Figure 5.23, page 68). 
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Figure 5.22. (a) The frontside silicon nitride film (cf. Figure 5.1 (c)) was removed by RIE, (b) realizing 

a silicon substrate decorated by AFM compatible probe bodies attached at their pre-determined breaking 

points. Scale bar 1 cm. (c) Polymeric cantilevers were realized by thermal roller lamination of dry film 

photoresist, forming first partly free-standing dry film photoresist membranes, (d) followed by 

photolithography where resist development instantly formed free-standing polymeric cantilevers. 

Adapted from [189], CC BY 4.0, www.creativecommons.org/licenses/by/4.0/. 

 

 

Figure 5.23. Dry film photoresist cantilever of 1000 μm length, 50 μm width and 5 μm thickness, 

suspended from an AFM compatible silicon probe body. The cantilever exhibited excellent in-plane 

alignment after a 150 oC hardbake. Scale bar 100 μm. Figure from [189]. 
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The vertical deflection of the dry film photoresist cantilevers were measured in side-view with 

an optical microscope, both before and after a hardbake in an oven at either 90 oC, 120 oC or 

150 oC at a temperature ramp of approximately 3 K min-1. Some cantilevers were UV-exposed 

by an additional 190 mJ cm-2 dose prior to hardbake for more complete photoinitiator activation, 

resulting in a higher cross-linking density [200, 202]. The heating was turned off after 15 h and 

the temperature was allowed to naturally reach below 40 oC before deflection measurements.  

A nearly six month deflection stability study was conducted on 150 μm long and 50 μm wide 

dry film photoresist cantilevers, with or without a hardbake, during which probes were stored in 

dark ambient conditions and measured at regular intervals. The cantilevers maintained their 

original vertical deflection within this timespan, regardless of the PEB and hardbake conditions. 

Results for cantilevers hardbaked at 150 oC cantilevers are presented in Figure 5.24, with other 

types of cantilevers found in appendix section I. A high degree of deflection stability was also 

observed by Martin et al with spin-coated SU-8 cantilevers during one year following the 

substrate release [196].  

 

Figure 5.24. Time-stability of single-layer, dry film photoresist cantilevers during 168 days of storage 

under ambient, dark conditions following a hardbake at 150 oC. Day -1 refers to bending directly before 

the start of the hardbake, while day 0 is the bending measured shortly after the end of the hardbake. No 

significant change in cantilever deflection was observed for either PEB temperature of 60 oC or 90 oC. 

Each measurement has a random error of about 2.5 μm. Data from [189], CC BY 4.0, 

www.creativecommons.org/licenses/by/4.0/. 
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5.5.2 Effect of PEB and Hardbake on the Deflection of Single-Layer 

Dry Film Photoresist Cantilevers 

Variations in both PEB and hardbake temperatures, TPEB and THB respectively, pronouncedly 

affected the bending of the dry film photoresist cantilevers (cf. Figure 5.24). PEBs specifically 

considered are the 3 h PEB at 60 oC, and the 15 min PEB at 90 oC. 

The out-of-plane deflection of all cantilevers was negative, and directed toward the probe body 

directly following resist development regardless of PEB duration and temperature. The 

deflection was approximately three-fold higher for polymer cantilevers processed at TPEB 60 oC 

compared to 90 oC. Comparing 150 μm long, 50 μm wide dry film resist cantilevers, the vertical 

deflection was -12.6 ± 1.1 μm for TPEB 60 oC cantilevers, and -4.1 ± 0.4 μm for TPEB 90 oC 

cantilevers (each an average over 14 cantilevers). A subsequent hardbake in an oven between 

90 oC and 150 oC for 15 h increased the absolute vertical deflection of TPEB 60 oC cantilevers, 

while TPEB 90 oC cantilevers experienced a reduction in absolute deflection (Figure 5.25). 

Typical cantilevers shown in side-view before and after a hardbake at 150 oC are presented in 

Figure 5.26.  

 

Figure 5.25. Change in vertical deflection, Δz of 150 μm long, 50 μm wide dry film photoresist cantilevers 

as a function of PEB and hardbake temperatures. The PEB temperature was either 60 oC (PEB60) or 

90 oC (PEB90), and the hardbake lasted 15 h with temperatures of either 90 oC, 120 oC or 150 oC. UV120 

indicates UV flood exposure of the probes directly prior to hardbake. Negative Δz values indicate 

increased downwards deflection following the hardbake, i.e. cantilevers bend more toward the probe 

bodies. Two probes were measured for each combination of PEB and hardbake temperature. Each 

deflection measurement is accurate to ± 2.5 μm. The full discussion of the results follows in the text. The 

figure is from [189]. 

 



5.5   Polymeric Dry Film Photoresist Cantilevers 

71 

 

 

Figure 5.26. Dry film photoresist cantilevers processed at either (a), (b) TPEB 60 oC, or (c), (d) TPEB 90 oC, 

before and after a 15 h hardbake at 150 oC. A higher TPEB reduced the vertical deflection following resist 

development. Hardbaking reduced the bending of TPEB 90 oC cantilevers, while significantly increasing 

the bending of TPEB 60 oC cantilevers. Scale bar 100 μm. Images were post-processed for improved 

visualization. Adapted from [189], CC BY 4.0, www.creativecommons.org/licenses/by/4.0/. 

 

 

The stress and deflection behavior of polymeric microcantilevers created by SU-8 spin-coating 

was already investigated by several research groups [192, 200, 203], and provides clues to 

understand the bending behavior of the dry film photoresist cantilevers. Notice however that the 

sample geometries are quite different in the two cases, as SU-8 is spin-coated on planar 

substrates, while the dry film resists are partly unsupported by the silicon substrates. This 

difference is considered in the following.  

On the previous work on SU-8 cantilever stress and bending, a paper by Keller et al provides the 

most relevant information as they also investigated thin cantilevers, of 2 μm thickness [200]. 

Here it was reported that the resultant bending of the released polymer cantilevers was caused 

by neither: polymer shrinkage during cross-linking in the PEB cycle, temperature gradients in 

the resist during PEB, or varying degrees of received UV-dose across the resist film, which are 

all more relevant issues for thicker resists. The differences in thermal properties between such 

2 μm thick resists, and the 5 μm resists used here are furthermore negligible according to 

research by Lim et al [192].  

Considering spin-coated SU-8 cantilevers, bending was in all cases directed away from the 

silicon bulk substrate following probe dry release [200]. The TPEB greatly influenced the amount 

of deflection, with lower TPEB yielding probes with more pronounced deflection compared to 

cantilevers processed at higher TPEB. This was explained mainly in terms of solvent gradients in 

the resist after PEB, caused by differences in solvent evaporation rates between the outer and 
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inner parts of the resist. At lower temperatures, the solvent density in the bulk of the resist is 

enhanced relative to the outer resist surface. The solvent concentration is important as enhanced 

concentrations promote cross-linking of the polymer. In the case of low TPEB SU-8 cantilevers, 

this causes a contraction of the outer resist surfaces during cool-down and hence more 

pronounced bending compared to higher TPEB cantilevers.  The reduced cantilever deflection at 

high TPEB is conversely related to increased solvent evaporation from the bulk of the resist, 

resulting in a more homogenous cross-linking density and straighter cantilevers. This observed 

bending behavior of spin-coated SU-8 cantilevers in terms of TPEB is however, reversed from 

what was observed here with the dry resist cantilevers. That is, spin-coated SU-8 cantilevers 

bend away from the silicon bulk substrate following probe release, while dry resist cantilevers 

bend toward the 3D-silicon substrate after development. 

Different substrate geometries most likely explain the differences in bending behaviour between 

cantilevers of spin-coated SU-8 and laminated dry film resists. Planar substrates for spin-coating 

allow solvent evaporation from one side only, while solvent intuitively can escape from either 

face of the suspended dry film membranes which eventually form the cantilevers. Assuming 

negligible temperature differences between the top and bottom of the dry film membranes, an 

isotropic solvent gradient should result, leading to a homogenous cross-linking density and 

consequently straight cantilevers following resist development. As this was not observed, and 

the dry film resist cantilevers were not straight as evidenced e.g. by Figure 5.26, other factors 

must influence the probe stress. For instance, the situation for dry resist directly adhered to the 

silicon probe bodies is different compared to the suspended dry resist membrane regions. Here 

solvent may only escape from the top resist surface, and not from both faces. Consequently 

induced solvent gradients at the interface of the suspended dry resist membranes, and dry resist 

adhered to the silicon bodies, might produce cross-linking gradients at the attachment point of 

the cantilevers and thereby partly explain the observed stress. But a possibly inherent, non-

uniform solvent distribution in the as-bought dry film photoresists should also be considered as 

a possible cause of cross-linking gradients in the cantilevers, but this could not be confirmed at 

the current time.  

Any complex interactions related to differences in thermal properties between the silicon 

substrate and dry film resists must furthermore not be overlooked as influencing the cantilever 

stress. The heat conduction of silicon is for instance roughly four orders of magnitude larger 

compared to air, signifying that any dry film resist directly adhered to the silicon substrate heats 

up faster than the suspended dry film resist membranes. And the CTE of silicon is two orders of 

magnitude smaller than for the dry film resists, indicating that tensile stress occurs in the dry 

film resists during heating. Yet, assuming that flow occurs within the dry resist during the 

thermal cycle, the resist may end up in a compressed state when cooled back to room 

temperature. The combined effects of differences in CTE and heat conduction are complicated 

to understand, not alone relate to the dry film resists’ behaviour during PEB without more 
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advanced studies. Future studies should for instance think to apply Fourier-transform infrared-

spectroscopy (FT-IR) to evaluate resist cross-linking densities and the presence of solvents at 

the different stages of the lithography process. FT-IR was also applied for these purposes with 

similar SU-8 resists and should therefore also work with the dry film resists [204]. Nevertheless, 

understanding the stress behaviour of the dry film resist cantilevers during PEB is not as 

straightforward as for spin-coated SU-8 cantilevers as these are fabricated under more symmetric 

resist-substrate conditions. Computational simulations could in future cast light on the behaviour 

of the dry film resist membranes, and by that yield valuable clues how to best improve the overall 

fabrication protocol, e.g. in terms of the TPEB and ramp, and if PEB in an oven instead of a 

hotplate could reduce the resist cross-linking gradients.  

One could also argue that the roller lamination process itself affects the resulting cantilever 

bending. Differences might arise in the local bonding quality at the dry film resist membranes, 

as the manner of resist adhesion to the substrate is not precisely controlled. To exclude any 

influence from roller lamination variability, a test was conducted where the dry film resists were 

either thermally roller laminated onto the 3D-silicon substrates as before, or allowed to thermally 

self-laminate onto the substrates. Here, as with the adapter-assembled commercial AFM 

cantilevers shown before (chapter 5.4), the dry film resist was mechanically adhered first to the 

substrate corner, and thereafter allowed to self-laminate on a hotplate set at 65 oC without 

application of external forces. Both types of samples, self-laminated and roller laminated, were 

processed identically as before by UV-exposure, PEB and development in cyclohexanone. 

Neither after development, nor after a hardbake at different temperatures, were any significant 

differences in cantilever deflection observed between the two sample types. This indicates that 

the choice of lamination technique is more or less insignificant toward the resulting cantilever 

bending. Note however that any changes to the lamination pressure or temperature might 

influence the developed dry film resists as evidenced by other researchers [22].  

In terms of hardbaking, its effect on both spin-coated SU-8 cantilevers [200] and TPEB 90 oC dry 

film photoresist cantilevers was to reduce the amount of net deflection. This deflection reduction 

has been related to a decrease in solvent concentration in the bulk of the resist, resulting in more 

uniform resist cross-linking densities across the whole of the (SU-8) polymer cantilevers [200, 

203]. The situation for TPEB 60 oC dry film resist cantilevers is however different, as the hardbake 

increased the net out-of-plane bending instead of decreasing it (cf. Figure 5.26). A UV flood 

exposure prior to the hardbake (at 120 oC) did however reduce the amount of extra negative 

deflection experienced with the TPEB 60 oC cantilevers. A UV flood exposure is known to 

increase the amount of active photoinitiators in the resist, which helps toward more homogenous 

resist cross-linking densities, and thus polymer cantilevers with less net deflection. These results 

therefore indicate that TPEB 60 oC cantilevers have a significant degree of un-crosslinked resist 

prior to the hardbake, as the flood exposure had such a significant impact on resultant out-of-

plane bending compared to similar cantilevers which were not flood exposed.  
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But regardless of hardbake temperature or UV pre-treatment, all TPEB 60 oC cantilevers bend 

more downwards following any hardbake between 90 oC and 150 oC. A question was whether 

or not the 3 h PEB duration at 60 oC was too long, potentially damaging the resist chemistry, or 

too short, and incapable of producing high degrees of resist-cross linking. To test this, additional 

batches of dry film resist cantilevers were fabricated in the same manner at 60 oC TPEB durations 

of either 1 h, 2 h, 7 h, or 15 h. No adverse effects were experienced at any of the PEB durations. 

All cantilevers could be developed even after a 1 h PEB, and the dry film resist membranes were 

not damaged even after a 15 h PEB. The bending behaviour of these cantilevers were also not 

significantly different from cantilevers produced at the standard 3 h PEB duration. It seems 

therefore that the 60 oC PEB provides too little energy to achieve proper resist cross-linking, and 

that this is not improved by changing the PEB duration. The mechanism by which the 60 oC TPEB 

cantilevers’ net deflection increases following the hardbake is not known, but might again be 

related to the complex 3D-substrate architecture and differences in the thermal properties of the 

substrate and dry film photoresist.  

5.5.3 Mechanical Properties of Single-Layer Dry Film Photoresist 

Cantilevers 

As already mentioned, the main motivation for using polymeric cantilevers is related to their 

small Young’s modulus and resulting ability to create soft cantilever probes for sensing 

applications. Soft cantilevers are for instance desirable within (bio)chemical sensors based on 

the principle of analyte-induced surface stress bending (see Stoney equation (5.1), page 40). The 

producer of the dry film photoresists used in this work reports on a Young’s modulus of 3.9 GPa. 

Note that a wider range of Young’s moduli was reported for the chemically similar SU-8 resists, 

typically between 2 GPa and 4 GPa. Values were here dependent on differences in the processing 

conditions, resulting in varying degrees of solvent content and resist cross-linking [193, 205, 

206]. Variations in Young’s modulus are therefore also expected for the dry film photoresists, 

but this was not studied previously in literature.  

Four dry film photoresist cantilevers were therefore fabricated to both, measure precisely the 

Young’s modulus of the single-layer cantilevers produced in this work, and to roughly evaluate 

the effect of the hardbake on the resulting modulus. By knowing the Young’s modulus, also the 

density of the dry film resist cantilevers could be calculated after additionally measuring the 

cantilevers’ resonance frequencies with help of an AFM (Bruker Bioscope Catalyst).  

The four cantilevers measured approximately 300 μm in length, and 100 μm in width (see 

Table 5.2 on page 77 for actual dimensions). No backside metal coating was applied to the 

cantilevers, which were post-exposure baked at 95 oC for 10 min, and either not hardbaked, or 

hardbaked for 15 h in an oven at 130 oC, 140 oC or 150 oC. The final probes all exhibited bending 

angles of less than 2o. The cantilever thickness was assumed 5.0 μm in all cases, yet any 
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deviations from this value would influence the error evaluations of Young’s moduli and density 

shown later. 

First the spring constants of the polymer cantilevers were evaluated directly by a specialized 

cantilever calibration device6, requiring no former knowledge of the cantilevers’ geometries or 

material properties [207]. More information on the device is found in appendix section G. The 

cantilevers’ density and Young’s moduli were then determined from the obtained spring 

constants, resonance frequencies, and geometries as by equations (3.1) and (3.2) respectively 

(see page 25). During the spring constant measurements, the free-standing ends of the dry film 

photoresist cantilevers were carefully aligned above a flat-ended, 10 μm diameter diamond tip 

(Figure 5.27(a)). The tip acted as the load button of an electromagnetic force compensating 

balance [208], which measured the cantilever contact force while moving the cantilever down 

toward the tip in 100 nm increments. A 10 sec integration interval was allowed while measuring 

the applied force, F to the diamond load button at each vertical position. The slope of the 

obtained force-distance curve represents the cantilever spring constant, k as calculated by 

equation (5.10), where Δz represents the cantilever deflection. A typical force-distance curve for 

the dry film photoresist cantilevers is shown in Figure 5.27(b). 

 
𝑘 =

∆𝐹

∆𝑧
 (5.10) 

 

Figure 5.27. (a) Positioning of the dry film photoresist cantilever within the calibration device for spring 

constant measurements. The free-standing end of the cantilever was positioned directly above the 

diamond tip load button, and moved down in steps as indicated by the load direction arrow. Unload refers 

instead to the stepwise retraction of the cantilever to the initial state. (b) Typical force-distance curve 

during one load-unload cycle from which the spring constant was evaluated by equation (5.10). The 

dashed lines show the difference between the linear fit and the measurement. Picture courtesies: 

O. Dannberg, TU Ilmenau. 

 

 

 
6 The cantilever stiffness measurements were performed by O. Dannberg, Institute for Process Measurement and 

Sensor Technology, TU Ilmenau. 
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Minor hysteresis behavior was observed between the loading and unloading of the dry film 

photoresist cantilevers, possibly related to lateral friction forces between the cantilevers and 

diamond tip. All dry film photoresist cantilevers exhibited spring constants in a similar range, 

varying between 499 mN m-1 and 532 mN m-1 (Table 5.2, page 77). Directly comparing the 

cantilevers by their spring constants is however not recommended as the cantilever geometries 

differed slightly in each case. A comparison of the Young’s moduli and density is instead more 

appropriate, as these are intrinsic material properties.  

By rewriting equations (3.2) and (3.3), the Young’s modulus, E of the cantilevers was easily 

obtained from the spring constants, k, and cantilever length L, width w and thickness t: 

 

𝐸 =
4𝑘𝐿3

𝑤𝑡3
 (5.11) 

An average Young’s modulus of 4.2 ± 0.2 GPa was obtained (Table 5.2). Contrarily to previous 

literature on SU-8 [206, 209], here the dry film photoresist cantilever Young’s modulus seems 

to decrease with increasing hardbake temperatures. A larger sample size are however needed 

before absolute statements can be made on the effect of hardbake temperature on Young’s 

modulus. It would also be interesting to study the effect of hardbaking above 150 oC to see if the 

trend of decreasing modulus continues.  

Finally, the density, ρ of the cantilevers was determined by rewriting equation (3.1) while 

substituting for the expression (5.11) of the Young’s modulus: 

 

𝑓n =
𝛼n

2

2𝜋
√

𝑘

3𝑤𝑡𝐿𝜌
 (5.12) 

Where fn are the cantilever lateral resonance frequencies of the nth mode, and αn are the 

corresponding vibrational mode factors. The cantilevers’ resonance frequencies were obtained 

by the piezoactuator of an AFM equipped with a common laser-optical read-out. The resonance 

frequency peaks were not as well defined as compared to the tipless silicon nitride cantilevers 

(cf. chapter 5.3), which may be related to the lower laser reflection signal by lack of a reflective 

backside coating, and the presence of overlapping torsional mode excitations. Such torsional 

modes in the near vicinity of the lateral excitation modes were confirmed by FEM simulations 

(COMSOL Multiphysics, not shown). The first three lateral mode vibrations were however 

reliably extracted from the resonance frequency spectra. The cantilevers’ densities were 

subsequently obtained by fitting the slopes of fn(αn
2), resulting in an average dry film photoresist 

density of 1.2 ± 0.1 g cm-3 (Table 5.2), compared to a close value of 1.03 g cm-3 as stated by the 

producer. Especially the dry film resist cantilever hardbaked at 150 oC exhibits a significantly 

smaller resist density compared to the other hardbake configurations. There is furthermore no 

significant difference in either spring constant or Young’s modulus between any of the 

cantilevers hardbaked below 150 oC. However a larger sample size than one cantilever of each 
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hardbake-configuration would be required in future to improve the understanding of hardbake 

effects on the dry film photoresist mechanical properties. Note again that any deviations from 

the assumed 5 μm cantilever thickness would influence the error estimations of both Young’s 

modulus and density. Thickness differences might for instance be related to the hardbake 

temperature, but could currently not be investigated at the required sub-micrometer resolution.  

 

Table 5.2. Length, L, width w, spring constant, k, Young’s modulus, E and density, ρ of dry film resist 

cantilevers processed either with, or without a 15 h hardbake. The length and width were measured with 

an optical microscope, with the error estimation of ± 1μm related to the image resolution. Table based 

on data from [189]. 

Hardbake (oC)  L (μm) w (μm) k (mN m-1) E (GPa) ρ (g cm-3) 

- 294.5 ± 1.0 100.3 ± 1.0 532 ± 13.0 4.34± 0.12 1.29 ± 0.03 

130 296.4 ± 1.0 100.7 ± 1.0 529 ± 4.0 4.38 ± 0.07 1.19 ± 0.02  

140 295.2 ± 1.0 100.6 ± 1.0 515 ± 3.4 4.21 ± 0.07 1.23 ± 0.02 

150 291.2 ± 1.0 99.5 ± 1.0 499 ± 2.4 3.96 ± 0.06 1.02 ± 0.02 

 

5.5.4 Metal-Patterned Dry Film Photoresist Cantilevers 

Examples in literature of metal-patterned polymeric cantilevers have mainly focused on 

integrating metal elements with piezoresistive functionality onto the cantilevers for deflection 

readout, where the piezoresistive effect here mainly is caused by deformation of the metal. It is 

therefore the equivalent of a strain gauge.  

While conventional, optical cantilever deflection readout by a laser and photodiode is well-

established, such setups are generally bulky and hardly miniaturized. A more compact strategy 

relies instead on cantilevers integrated with piezoresistive elements of a metal (or polysilicon), 

where the measured resistance of the piezoresistive contacts directly correlate with the 

cantilever’s deflection state. Resistance readout by a Wheatstone bridge circuit is easily 

integrated with the piezoresistive cantilever probes, allowing miniaturized systems for 

monitoring cantilever deflection. A comprehensive review paper on piezoresistive SU-8 

cantilevers recently highlighted the progress and current interest in the field [191]. Applications 

for piezoresistive polymer cantilevers include already the detection of explosives [210], CO gas 

[211], and humidity [212] to mention a few. Metal-patterned polymer cantilevers could also 

realize other sensor applications besides the piezoresistive functionality, but so far only a few 

examples were shown. These include a cantilever Hall sensor for magnetic field detection 

(cf. Figure 3.9(a)) [123], and a cantilever sensor for measuring heart muscle tissue contractions 

[195].  
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Based on the varied applications for metal-patterned polymer cantilever sensors, demonstrations 

are here shown of both a lift-off, and etching strategy realizing dry film photoresist cantilevers 

equipped with metal elements. Due to the vast research interest into piezoresistive polymer 

cantilevers, a proof-of-principle for the piezoresistive functionality of such dry film probes was 

furthermore demonstrated based on the lift-off strategy.   

Lift-off: metal patterning of dry film photoresist cantilevers  

Accomplishing advanced metal patterning on dry film photoresist cantilevers is theoretically 

straightforward by spin-coating and lift-off on laminated dry film photoresists. Within this ideal 

protocol, the laminated dry film photoresist is exposed with the cantilever design by 

mask-aligner and post-exposure baked as before, followed by spin-coating and patterning of a 

positive photoresist serving as a lift-off compatible resist. Metal film(s) are deposited by 

evaporation, then lifted-off in an appropriate solvent, yielding metal-patterned polymer 

cantilevers following dry film photoresist development in cyclohexanone.  

Attempts at the proposed protocol repeatedly yielded improper development of the positive 

photoresist within the narrow, 6-10 μm wide, photo-patterned lines on top of the dry film 

photoresist cantilevers as seen in Figure 5.28(a). Improvements to resist development were 

achieved neither by prolonged immersion in the developer, nor by an increased i-line exposure 

dose. Here, the incomplete resist development was instead mainly caused by destructive 

interference of UV-light between the interfaces of the dry film resist, and positive lift-off resist. 

Two main strategies already exist to minimize destructive interferences in photoresists [89]. 

First, a broadband UV-source as opposed to the monochromatic i-line should reduce optical 

interference, but did in this particular case not improve resist exposure and development. Second, 

application of an anti-reflective coating, abbreviated either as TARC or BARC (top- or bottom 

anti-reflective coating) reduces the effective light reflection from its interface, lowering the 

optical interference between the incident and reflected light. A TARC of the type Aquaristi-III 45 

(MicroChemicals) was spin-coated onto the dry film photoresist-laminated substrates in various 

layered configurations with the positive lift-off resist. The greatest improvement to the positive 

resist development was achieved with the TARC applied only between the dry film photoresist 

and positive resist. That is, in a stack of dry film photoresist, TARC, and positive resist. 

Figure 5.28(b) illustrates the improvement in the positive resist development by the additional 

TARC. The particular photomask design shown in Figure 5.28 was furthermore selected to 

comply with the future piezoresistive functionalities of the cantilevers (described in detail later). 

Here the metal contacts were extended across more or less the entire length of the cantilever and 

not restricted to the maximum strain region, as this better demonstrates the general metallization 

capabilities of the dry film photoresist lift-off protocol. 
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Figure 5.28. Improper development of a positive, spin-coated photoresist on a partly exposed dry film 

photoresist. (a) After positive resist development without TARC. (b) Positive resist development with 

TARC between the dry film and positive resist. (a) Without the TARC the metal contacts pattern is barely 

visible on the cantilever. Notice however an improved development rate on the probe body. (b) The thin 

TARC noticeably improved the positive resist development, but in most cases the resist still exhibits partly 

undeveloped regions within the photo-exposed areas as indicated by the arrows. Scale bars 100 μm. 

 

 

Application of the TARC increased the yields of successfully developed probes from 

0 % to approximately 20-30 %, patterning here 6-10 μm wide photomask structures onto 300 μm 

long dry film photoresist cantilevers.  

Additional strategies intended to further improve the positive resist development were tested. 

These included varying the TARC thickness, decreasing the positive photoresist thickness by 

half, varying soft-bake temperatures and durations for both the TARC and positive photoresist, 

and increasing both rehydration and degassing times of the positive photoresist after soft-bake 

and after UV-exposure, respectively. The final protocol found in the appendix section B1 is 

based on feedback from these tests. 

Interference effects are presumably aggravated by planarity losses in the suspended dry film 

photoresist membranes during the first PEB before the TARC is applied, causing unavoidable 

thickness fluctuations later in the spin-coated positive photoresist. Uncured ADEX dry film 

photoresists have glass transition temperatures well below any usable PEB temperature, 

indicating a possible occurrence of resist flow during PEB and leading to partial loss of planarity 

especially within the dry resist membranes regions. The increase in dry film photoresist viscosity 

was observed during PEB, as the suspended dry film photoresist membranes visibly moved in 

response to raised temperatures. A temperature-related increase of dry film photoresist viscosity 

was also exploited previously while re-adhering dry film photoresists to the adapter-assembled, 

commercial AFM cantilevers following top-liner removal (cf. chapter 5.4). Application of the 

improved lift-off protocol including the TARC instead to a planar substrate without any 
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3D-patterned probe bodies showed a near 100 % successful lift-off, further indicating the loss of 

dry film photoresist membrane planarity as the main cause for the inadequate development of 

the positive resist. Spin-coating the TARC before any dry film photoresist PEB was tested with 

some success, yet the required TARC soft-bake at 90 oC again causes an irregular surface for the 

subsequent spin-coating of the positive resist. This presumably produces again resist thickness 

fluctuations detrimental for achieving both a well-defined exposure dose, and reduction of the 

destructive interference effects. Attempts at filling any airgaps between the substrate and 

photomask by application of near-index matching liquid (glycerol) yielded no further 

improvements to the positive resist development. DLW with a pneumatic autofocus did also not 

improve the resist development, even though the laser focus should respond locally to the sample 

topography. The challenge of improving successful probe yields above 30 % therefore remains.  

Importantly, a gentle CF4 plasma treatment following the positive resist development was crucial 

to enhance the metal adhesion to the dry film photoresists. The plasma treatment did not visibly 

remove the undeveloped positive resist, and presumably improved metal adhesion rather by 

surface activation. The success with the fluorocarbon plasma is somewhat surprising as similar 

SU-8 photoresists were usually treated in an O2-plasma to improve metal adhesion [213]. An 

O2-plasma treatment also improved the metal adhesion onto the dry film photoresists, yet CF4 

was ultimately chosen based on higher success rates following preliminary lift-off tests.  

Finally, proper choice of lift-off resist was decisive to the protocol’s success. The lift-off resist 

must be positive, as UV-exposure is only allowed on top of already exposed dry film photoresist. 

Image reversal resists are furthermore inconvenient as the light emitted during metal evaporation 

reverses the resist tone to negative, making lift-off more difficult. Reliable lift-off, especially of 

small metal features, requires furthermore photoresists with negative, or near straight sidewalls. 

Based on these criteria, positive photoresist AZ MIR 701 29 cp (MicroChemicals) was 

exemplary chosen, exhibiting a high thermal stability and near-straight sidewalls following a 

PEB at 110 oC for one minute, which importantly did not damage the dry film resist or its ability 

to develop after the metal lift-off.  

A variety of strippers and removers from MicroChemicals were tested as lift-off solvents 

(AZ 100, NI555, SVD, SH5). Conventional, warm NEP is of course incompatible with the dry 

film photoresists, and prolonged immersion in typical photoresist developer AZ 726 MIF 

frequently removed the metal structures completely. Here photoresist remover AZ 100 

demonstrated the best functionality within all substrate materials, with gentle removal of the 

positive resist and without inducing severe metal adhesion losses. As AZ 100 contains 

methoxy-propoxy propanol, it simultaneously developed the dry film photoresist creating the 

metal-patterned dry film photoresist cantilevers within one step. The single-step lift-off and dry 

film photoresist development is both quick and convenient, but makes reliable thermal 

lamination of a second dry film photoresist challenging, for example for realizing passivated 

metal contacts.  
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Etching: metal patterning of dry film photoresist cantilevers 

Metal patterning of dry film photoresist cantilevers was also accomplished by wet etching 

strategies, as depicted in Figure 5.29.  

 

Figure 5.29. Fabrication protocol achieving metal-patterned dry film photoresist cantilevers by wet 

etching. (a) The dry film resist is thermally laminated onto the 3D-silicon substrates as before, partially 

forming dry film photoresist membranes. (b) Exposure by mask aligner followed by PEB creates a latent 

image of the future cantilever probe in the dry film photoresist. (c) Thermal evaporation of a metal thin 

film. (d) Spin-coating of a photoresist mask, followed by (e) photolithography and development. (f) Metal 

wet etching and photoresist mask removal. (g) Dry film photoresist development in cyclohexanone creates 

the metal-patterned, free-standing polymer cantilevers. 

 

 

A 5 μm thick dry film photoresist was thermally laminated onto the silicon substrate with probe 

bodies and post-exposure baked as before, and a thin metal film was deposited by thermal 

evaporation. A photoresist etch mask, created by spin-coating and photolithography, locally 

protected the metal film from the wet etch solution. The remnant photoresist mask was removed 

in a developer following the metal etch. Dry film photoresist development in cyclohexanone 

finally yielded metal-patterned dry film photoresist cantilevers. Here both nickel and germanium 

films were reliably structured on the cantilevers. 

Compared to the lift-off scheme, the metal wet etching protocol reduces the fabrication time 

while yielding excellent metal adhesion to the dry film photoresist cantilevers. Lamination of a 

second dry film photoresist on top of the metal-patterned substrates is also realized more simply 

on still undeveloped dry film photoresist membranes, compared to lamination directly on 

suspended dry film photoresist cantilevers within the lift-off protocol. Certain disadvantages of 

wet etching does however limit its applications. The selection of suitable metals is limited as the 

liquid etchant must be compatible with both resists, and substrate. Metal etchants frequently 

include oxidizing HNO3 or H2O2, effective at dissolving the photoresists after prolonged 

immersion. In this work, nickel was etched in a 1:7 mixture of HNO3 and HCl, and germanium 

in a 1:5 mixture of H2O2 and water, causing tears in the dry film photoresist membranes when 
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immersed too long. Additionally, the effect of metal under-etching must be considered as wet 

etching is isotropic and therefore proceeds until all the metal is removed, regardless of the 

photoresist mask’s stability in the etchant. Strict process control is therefore required for good 

reproducibility, but this is often difficult to implement in practice. 

The metal deposition method was also critical. Relatively low-temperature, electron-beam 

assisted thermal evaporation was not applicable as electromagnetic exposure during evaporation 

rendered subsequent dry film photoresist development impossible. Resistive thermal 

evaporation was used instead, even though prolonged exposure to the high temperatures either 

buckled or tore the dry film photoresist membranes. 

Serving here entirely as a proof-of-principle, a simple design consisting of single metal lines as 

narrow as 1.2 μm were patterned on the dry film photoresist cantilevers by the wet etching 

strategy, as shown in Figure 5.30(a). The metal structures were alternatively passivated by 

thermal roller lamination of a second, 5 μm thick dry film photoresist after removal of the wet 

etch mask. UV-exposure, PEB and simultaneous development of both dry film photoresists 

resulted in polymeric cantilevers with passivated metal structures. Reliable fabrication of the dry 

film photoresist passivation requires high adjustment accuracy of the second photomask layer, 

and complete elimination of air-bubbles during the second roller lamination seems challenging. 

Both effects are illustrated in Figure 5.30(b), (c).  

 

Figure 5.30. Dry film photoresist cantilevers with metal structures created by wet etching (a) before, and 

(b) after thermal roller lamination and photolithography of a second layer of dry film photoresist. The 

second lamination, on still undeveloped dry film photoresist membranes, frequently resulted in bubbles 

as indicated in (b), while (c) shows the noticeable alignment errors commonly occurring during mask 

aligner exposure. Notice that different cantilevers are presented in images (a) and (b). Scale bars (a), (b) 

50 μm. Scale bar (c) 5 μm. Adapted from [189], CC BY 4.0, www.creativecommons.org/licenses/by/4.0/. 

 

 

Piezoresistive dry film photoresist cantilevers 

Dry film photoresist cantilevers equipped with simple, integrated titanium piezoresistive 

elements were fabricated within the previously described lift-off protocol for dry film 
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photoresists. As mentioned, a piezoresistive readout of cantilever deflection offers improved 

device compactness compared to the usual laser- and photodiode setup of typical AFMs. 

Piezoresistive cantilevers instead relate the cantilever deflection to resistance changes within the 

piezoresistive elements on the cantilever.  

Besides titanium, other metals were previously demonstrated as strain gauges. These include 

platinum [214], gold [215], and metal alloys such as (Cu-Ni) constantan [216] to mention a few. 

Especially gold was frequently used as piezoresistors for SU-8 cantilevers, yet gold is a very 

expensive material. Titanium was therefore chosen for this work, due to lower cost and already 

demonstrated capabilities within SU-8 piezoresistive cantilevers (cf. Figure 3.9(c)) [125]. 

Dry film photoresist cantilevers of 297 μm length and 5 μm thickness were equipped with a 

40 nm thick titanium piezoresistive element, patterned in the form of a single loop as shown in 

Figure 5.31. Besides serving as a proof-of-principle for piezoresistive functionality, such probes 

also demonstrate the achievements of metal lift-off on dry film photoresist substrates. The 

piezoresistive elements were therefore patterned along the near-entire length of the cantilevers, 

instead of only at the maximum strain region located closer to the probe body.   

 

Figure 5.31. Piezoresistive dry film photoresist cantilever with titanium square-loop contacts. (a) Shows 

the cantilever probe body’s upper section. Some metal was not removed from the probe body during lift-

off as indicated by the arrow, but this did not disturb the measurements. (b) The piezoresistive cantilever 

in detail, indicating the lengths of the cantilever, L and piezoresistive element, LPR. Scale bar (a) 0.5 mm. 

Scale bar (b) 100 μm. 

 

 

The piezoresistive cantilever’s deflection sensitivity and resulting Gauge factor were measured 

by controlled and stepwise vertical deflection of the cantilever using a micromanipulator-

controlled needle placed close to the cantilever’s free-standing end. The cantilever was 

connected by thin gold wires to a Wheatstone bridge fabricated on a PCB board7. The 

Wheatstone bridge was equipped with two identical resistors, R1 and R2, and a variable resistor, 

R3 as seen in Figure 5.32 (page 84), with the cantilever compromising the fourth resistor R.  

 
7 PCB created with help from S. Hettich, formerly Institute of Electronic Devices and Circuits, Ulm University. 
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Figure 5.32. (a) PCB board with the Wheatstone bridge, including two resistors R1 and R2 (one not 

visible), a variable resistor R3, and the piezoresistive dry resist cantilever, R. The cantilever was placed 

on an inactive piezo actuator, serving no other purpose besides providing a planar surface for the probe. 

Notice that the upper two white leads were not connected to external devices. The needle for deflecting 

the cantilever was positioned using a micromanipulator and microscope. (b) Schematic of the Wheatstone 

bridge. A source voltage, V was applied on the bridge and the output voltage, Vm was measured. 

 

 

A 3 mV source voltage, V was applied to the Wheatstone bridge, and the resulting output voltage, 

Vm was measured at each 10 μm deflection step, allowing a 3 min averaging time before reading 

the output voltage. The equivalent resistance, R of the piezoresistive cantilever was calculated 

by equation (5.13). 

 
𝑅 = 𝑅3

2𝑉m + 𝑉

𝑉 − 2𝑉m
 (5.13) 

The deflection sensitivity was calculated from the slope ΔR/R0 as a function of vertical 

displacement (Figure 5.33(a)), where R0 is the resistance value before any deflection with the 

needle. A deflection sensitivity of 298 m-1 was achieved, similar to previously reported values 

albeit with either different piezoresistive materials or geometries [125, 191]. The Gauge factor, 

K was calculated from the values of deflection sensitivity, the deflection step size z, cantilever 

thickness t, and the cantilever and piezoresistor lengths, L and LPR respectively according to 

equation (5.14).  

 
(

∆𝑅
𝑅0

)

𝑧
= 𝐾

3𝑡(L − 𝐿PR/2)

2L3
 

(5.14) 

The resulting Gauge factor was 6.2 ± 0.2 (Figure 5.33(b)), of the same order of magnitude as for 

a similar system of SU-8 and titanium [125], albeit one to two orders of magnitude smaller 

compared to several other piezoresistive polymer cantilever probes [191].  

The demonstrated piezoresistive functionality of the dry film photoresist cantilevers is a 

promising first step toward realizing dry film photoresist cantilever sensors based on 

piezoresistive deflection readout. However, the unsatisfactory development of the lift-off resist 
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as discussed earlier must first be tackled in order to improve probe yields. Hysteresis effects 

must also be investigated, but the problem is not assumed greater for dry film photoresist 

cantilevers compared to conventional SU-8 cantilevers.  

 

Figure 5.33. Deflection measurements with a piezoresistive dry film photoresist cantilever. (a) ΔR/R0 as 

a function of vertical deflection shows good linearity, yielding a deflection sensitivity of 298 m-1. (b) The 

slope of ΔR/R0 as a function of strain yields a Gauge factor of 6.2. Data from [189]. 

 

 

5.5.5 Multi-Layered Dry Film Photoresist Cantilevers 

Multilayered and 3D-structured polymer cantilever sensors have been presented in literature, 

including polymer cantilevers equipped with polymer scanning tips [217], and hollow polymer 

cantilevers for microbead-or cell manipulations and measurements [218-220]. 

The possibility of creating multilayered structures also on the dry film photoresist cantilevers 

was already demonstrated with the metallized dry film resist cantilevers passivated by a second 

layer of dry resist (cf. Figure 5.30(b)). The general process of such multistep dry film lamination 

and patterning is covered here. Shown specifically is the creation of a dry film photoresist 

cantilever equipped with a cylindrical dry film photoresist pillar.  

A 5 μm thick dry film photoresist was first thermally roller laminated on the silicon probe body 

substrate as before, and exposed with a photomask pattern of 150 μm x 50 μm cantilevers. 

Following cool-down from a PEB at 95 oC for 10 min, a second layer of 5 μm thick dry film 

photoresist was laminated as before, UV-exposed with the pillar designs, and post-exposure 

baked again at 95 oC for 10 min. Development in cyclohexanone developed both dry film 

photoresists simultaneously, resulting in cantilever probes as shown in Figure 5.34 (page 86). A 

hardbake at 150 oC for 15 h straightened the cantilevers, from an original deflection of -5.5 μm 

to +1.0 μm after the hardbake. The pillar morphology was as expected similar to the dry film 

photoresist pillars on silicon nitride cantilevers (cf. chapter 5.4.4), with bumps on sidewalls and 

an elevated outer rim along the resist top surface.  
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More than one layer of dry film resist may in principle be structured on top of the dry film 

photoresist cantilevers, however care must be taken during each exposure not to expose any of 

the previously unexposed dry resist regions underneath. 

 

Figure 5.34. Dry film photoresist cantilever equipped with a flat-ended, dry film photoresist pillar, 

fabricated in a two-step exposure- and lamination process, with simultaneous development of both dry 

film photoresist layers. Scale bar 50 μm, with scale bar inset 5 μm. Adapted from [189], CC BY 4.0, 

www.creativecommons.org/licenses/by/4.0/. 

 

 

5.6 Additional Applications of Dry Film Photoresists 

Discussed here are additional characteristics and applications of ADEX dry film photoresists, 

unrelated to specific cantilever sensor applications. The morphology and wetting behavior of 

RIE-etched dry film photoresists by either O2- or CF4-plasmas are examined, and related to 

available SU-8 literature. Attempts at a type of grayscale lithography is also demonstrated. 

Furthermore, dry film photoresist-enabled transfer of silicon nanowires from growth to target 

substrate is shown, and could in future serve for instance as a gentle nanowire transfer method 

onto fragile substrates. Dry film photoresists were also applied in up to three consecutive layers, 

to form both stacked- and partly free-standing structures. Finally, dry film photoresists with 

either negative or positive sidewall profiles are demonstrated, accomplished by the T-topping 

effect or by high-dose electron-beam lithography (EBL) respectively. Dry film photoresists 

therefore capably form with any sidewall profile following development, either negative, 

positive or straight depending on the exposure conditions.   
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5.6.1 RIE of Dry Film Photoresists by O2 or CF4 Plasmas 

Dry film photoresists were etched by RIE in both O2, and CF4 plasmas. Planar silicon substrates 

a couple of centimeters in length and width, with 1 μm front side silicon nitride, were thermally 

roller laminated with 5 μm thick dry film photoresists, UV-exposed either completely or partly 

with the mask aligner, post-exposure baked, and developed. The samples were then dry etched 

by RIE at different durations. The resulting resist surface morphology was examined by SEM, 

and the surface wetting behavior of the etched dry resists were investigated by the static sessile 

drop method. 

O2-plasma RIE of dry film photoresists 

The substrates with dry film photoresist were placed in a RIE using 600 W power, 5.3∙10-2 mbar 

chamber pressure, and 50 sccm O2-flow. The process resulted in the formation of a grass-like 

surface structure compromised of dry film photoresist nanohairs, similar to previous reports on 

O2-plasma etched SU-8 [221-224]. Figure 5.35 (page 88) shows the resulting dry film 

photoresists, formed during 5 min to 15 min of etching. The nanohair formation mechanism in 

SU-8 is related to nanomask effects originating from both, aluminum redeposited from the 

chamber walls, and antimony inherent to the SU-8 formulation [225]. Between 1-5 % antimony 

in the form of photoinitiator antimony salts are also present in the ADEX dry film photoresist 

composition. Yet SU-8 is considered a biocompatible material [226], although several authors 

suggested that the surface accumulation of antimony following a prolonged O2-plasma etch 

might have negative effects on resultant biocompatibility [224, 227]. 

In terms of wetting behavior, SU-8 surfaces are reported to change from hydrophobic to highly 

hydrophilic following an O2-plasma etch. The change in wetting behavior is not singularly linked 

to the surface morphology alterations, but also to an increased formation of C=O and COO 

surface groups [227]. Here, static contact angle measurements were performed on dry film 

photoresist substrates before and after an O2-RIE for 5 min or 15 min by the static sessile drop 

method using 15 μL MilliQ-water. The contact angle changed from 65-70o prior to etching, to 

below 5o directly after etching for either etch duration. After one month the contact angle was 

approximately 5o, and after two months it was 15o. A virgin surface area was used each time. 

Hydrophilic loss over time was also reported for O2-etched SU-8 [227, 228]. 
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Figure 5.35. Dry film photoresists after (a), (b) 5 min, and (c), (d) 15 min O2-RIE at 600 W, 5.3∙10-2 mbar, 

50 sccm gas flow. Dry film photoresist nanohairs formed even after 5 min under these conditions. 

Prolonged etching both increased the nanowires’ length, while decreasing the net resist thickness. The 

nanohair density also seems to decrease with prolonged etching duration as adjacent nanohairs clump 

together. Scale bars 2 μm. 

 

 

CF4-plasma RIE of dry film photoresists 

RIE by CF4 was also used to etch 5 μm thick dry film photoresists, using similar substrates and 

etching conditions to the previous O2-RIE protocol, with 600 W power, 5.3∙10-2 mbar chamber 

pressure, and 50 sccm CF4-flow. Figure 5.36 displays the surface and sidewall morphology of 

the dry film photoresists after a 5 min, 15 min and 40 min etch duration. The resist surface 

planarity greatly improved compared to O2-RIE, notably not forming any nanohairs. The dry 

film photoresist surface turned slightly wavy at increased etch durations, especially after more 

than 5 min within these process conditions. Slight differences in etch rate are expected across 

the dry film photoresist surface, caused both by minute resist thickness differences and chemical 

inhomogeneities, as well as fluctuations in species flux and temperature [229].  

Interestingly, the sidewall morphology of CF4-etched dry film photoresists changed from initial 

bumps to a web-like structure, hardly removed by prolonged etching. This is likely the formation 
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of a passivating fluorocarbon polymer, hindering continued sidewall-etching [229, 230], while 

the resist top surface is still etched by physical processes. Changes in the chemical composition 

of the resist sidewalls and top surface could in future be determined by X-ray photoelectron 

spectroscopy (XPS), while taking measures to charge-neutralize the non-conductive resist [231]. 

The dry film photoresists became more hydrophobic following the CF4-RIE. Using the static 

sessile drop method with 15 μl MilliQ-water droplets, contact angles increased from 65-70o prior 

to etching, to 90-93o after a 5 min etch, increasing up to 100-103o after a 15 min etch duration. 

Increased hydrophobicity in CF4-etched SU-8 as well as other polymers was also shown 

previously [232-235], and was linked to an increased fluorine surface concentration rather than 

to surface morphology alterations. 

 

Figure 5.36. Dry film photoresists on a silicon substrate with a 1 μm silicon nitride film, following 

(a) 5 min, (b) 15 min, or (c) 40 min of CF4-RIE. The bottom row displays the resist sidewalls in detail. 

The sidewalls developed an irregular surface morphology, hardly removed by continued etching 

compared to the upper resist surface, and as most clearly evidenced in (c). Notice that the silicon-based 

substrate also etched as indicated in (c). Scale bars 5 μm.  

 

 

5.6.2 Dry Film Photoresist Grayscale Lithography  

A type of grayscale lithography was tested in an attempt at achieving dry film photoresist 

cantilevers thinner than the original 5 μm. The technique used here was not true grayscale 

lithography, as a modulated photomask was not used to decrease the exposure dose at the 

cantilever regions within a single exposure step. Instead, a conventional photomask was used, 

and the exposure dose was manually modulated by placing an opaque film over the cantilevers 

part of the mask during UV-exposure of the probe bodies. The idea was, that the 5 μm thick dry 

film photoresists initially only are exposed at the very top of the resist surface by an effect known 

as bleaching (cf. chapter 3.1.4). Resist development of only partially exposed dry film 
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photoresists should therefore in theory remove the unexposed resist closest to the substrate 

surface, effectively resulting in sub-5 μm dry film resist structures. 

The grayscale strategy was initially tested using planar silicon substrates with 1 μm thick silicon 

nitride films, thermally roller laminated with a 5 μm thick dry film photoresist. A mask aligner 

with a 3.6 mW cm-2 i-line source was used, with an estimated full dose of 209 mJ cm-2. The 

cantilever probe bodies received the full, 100 % dose, while the cantilever areas received doses 

between 4-20 %. The exposure process is illustrated in Figure 5.37(a). An optimal dose between 

14-18 % was identified, after which dry film photoresist development in cyclohexanone 

achieved free-standing cantilevers no longer attached to the substrate as seen in Figure 5.37(b), 

(c). The dry film photoresist cantilevers consistently displayed a rough surface morphology, and 

the effective resist thinning was less than 10 %. Similar results were also observed while 

attempting such grayscale cantilevers on the 3D-patterned silicon substrates.  

 

Figure 5.37. Quasi-grayscale lithography pursuing sub-5 μm dry film photoresist cantilevers. A 5 μm 

thick dry film photoresist was thermally laminated onto a planar silicon-silicon nitride substrate. (a) The 

probe body received the full exposure dose, while the cantilever received a lower dose. This caused the 

cantilever to separate from the substrate surface after resist development as clearly seen in (c), while the 

probe body partly seen in (b) firmly remained on the substrate. The cantilever thickness could not be 

decreased by more than some 100’s nm, and the resulting cantilever surface turned rough after 

development as seen in both (a) and (b). Scale bar (b) 100 μm. Scale bar (c) 10 μm. 

 

 

Grayscale lithography seems therefore not a viable option toward sub-5 μm dry film photoresist 

cantilevers from commercially available materials, related to the limited resist thinning effect 

and increased surface roughness of the grayscale cantilevers. Thicker dry film resists would 

likely be more suited for grayscale exposure, but would naturally realize thick resist structures. 

Yet the grayscale applicability of the dry film photoresists was demonstrated, and could in future 

realize other applications such as seen previously with SU-8. For example the fabrication of 

microneedles [236], embedded microchannels [236], microlens arrays [237], ultrasound 

transducers [238], and even thick polymer cantilevers [236]. 
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5.6.3 Dry Film Photoresist Mediated Nanowire Transfer 

The transfer of silicon nanowires was demonstrated earlier in this work by use of contact printing 

(cf. chapter 5.4.5), where nanowires break off and transfer onto target substrates by a mechanical 

shearing motion. The contact printing technique is simple and achieves highly aligned 

nanowires, but the intimate mechanical contact between the nanowire- and target substrate could 

potentially damage some fragile target substrates. Here instead of direct contact printing, dry 

film photoresists mediated the nanowire transfer onto the target substrates. Bulk silicon target 

wafers were used for this proof-of-principle demonstration. 

Within this strategy, silicon nanowires grown by VLS in a CVD chamber were transferred 

directly by manual contact printing from the nanowire growth substrate onto a dry film 

photoresist with the back protective liner removed. Here the operator manually brushed the 

nanowire substrate along the dry film photoresist. The contact printing device used previously 

(cf. Figure 3.7) was not applicable based on an apparently high friction coefficient of the dry 

film resists. Facile, uninterrupted dry contact printing was therefore not attainable on dry film 

photoresists within this device. In future, an adjustable contact force between the nanowire 

substrate and the dry film photoresist target, or use of lubricants, could aid highly aligned contact 

printing of nanowires onto dry film photoresist surfaces. 

The nanowire-printed dry film photoresists were subsequently adhered to silicon wafers by 

thermal roller lamination, followed by UV-exposure, PEB and development in cyclohexanone 

using the standard dry film photolithography protocol. Silicon nanowires remained on the 

substrate after resist development as seen in Figure 5.38 (page 92), but without the superior 

alignment normally achieved by nanowire contact printing directly onto silicon-based substrates.  

Still, dry film photoresist mediated transfer could potentially also carry other types of nano- and 

micromaterials onto various substrates for custom end-user applications. An example from 

literature includes already the fabrication of paper-based electrodes from dry film photoresist 

transferred silver nanowires [239]. 
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Figure 5.38. Silicon nanowires deposited on a silicon substrate by dry film photoresist contact printing. 

The silicon nanowires were manually contact printed onto the dry film photoresist, and thermally 

laminated to the substrate. Following dry film photoresist lithography, silicon nanowires remained with 

a slight preferential orientation. Scale bar 10 μm. 

 

 

5.6.4 Layered Dry Film Photoresist Structures 

Multiple layers of structured dry film photoresists were already demonstrated within this chapter, 

such as the dry film photoresist cantilever equipped with a dry film photoresist pillar 

(cf. chapter 5.5.5). The general strategy toward multilayered dry film photoresist structures 

compromises dry film photoresist lamination, UV-exposure, PEB, lamination of the second dry 

film photoresist… and so on. Resist development can in principle take place either after each 

UV-exposure and PEB step, or simultaneously at the end. Nevertheless, PEB of each individual 

layer is required for proper optical detection of the previously exposed layer(s).  

Multilayered dry film photoresists capably produce also partly free-standing or stacked 

structures, exemplified here by so-called “parasol-structures” and “three-tier pyramids”. The 

former compromises Ø 20 μm dry film photoresist discs supported by Ø 10 μm dry film 

photoresist cylinders (Figure 5.39(a)-(c)), while the latter are stacked dry film photoresist discs 

of decreasing size from Ø 20 μm to Ø 10 μm (Figure 5.39(d)-(f)). Each dry film photoresist layer 

was exposed by DLW, post-exposure baked and developed, before the next dry film photoresist 

layer was thermally roller laminated on top. Fabricated were 775 μm quadratic arrays of either 

type of dry film photoresist structure placed at a 40 μm pitch. The array and pitch dimensions 

were important to the resulting quality of the resist structures.  
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Figures 5.39(b) and (e) display pristine dry film photoresist structures, located close to the center 

of the large 775 μm array. Nearer the array’s outer edges, the structures were instead deformed 

as seen in (c) and (f). The second, overhanging dry film photoresist layer of the parasol-like 

structures was stamped into the first supporting layer, with the effect decreasing away from the 

array’s edges. The three-tier pyramids were also increasingly deformed close to the outer parts 

of the array. Evidently, the roller lamination pressure was higher close to the large array’s outer 

edges causing here structural deformation of the resist structures.  

Instead, simultaneous development of all dry film photoresist layers after individual 

UV-exposure and PEB should induce less overall structural damage. Decreasing the thermal 

roller pressure by using thinner carrier plates (currently 1 mm Al), or using manual thermal 

lamination where the dry film photoresists are allowed to self-laminate on a hotplate 

(cf. chapter 5.4) should also help limit deformations.   

 

Figure 5.39. (a)-(c) Parasol structures, and (d)-(f) three-tier pyramids of dry film photoresists. The 

overviews in (a) and (d) partly show the large 775 μm array of dry film photoresist structures at 40 μm 

pitch. (b), (e) Close to the array centers, structures look ideal without deformations, (c), (f) while 

structural deformations occur close to the array edges and corners, likely caused by higher roller 

lamination pressures. Scale bars (a), (d): 100 μm. Scale bars (b), (c), (e), and (f): 10 μm. 

 

 

5.6.5 Dry Film Photoresists with Negative Sidewalls by T-topping 

The T-topping effect was already discussed with regards to SU-8 photoresist (chapter 3.1.2). T-

topping occurs when SU-8 is exposed by wavelengths below 350 nm, resulting in structures with 

negative sidewalls. Exposure of the dry film photoresists with broadband UV-light, practically 

by removing the i-line filter from the mask aligner, also caused T-topped structures. The 

mechanism is assumed the same as for SU-8, based on the chemical similarities of the two resists. 
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T-topped structures compromising of dry film photoresist pillars are shown in Figure 5.40, 

clearly displaying the same type of negative tapering as with T-topped SU-8 (cf. Figure 3.3).  

 

Figure 5.40. T-topping in 25 μm thick dry film photoresist. Cone-shaped pillars with negative sidewalls 

form after exposure to broadband UV-light, PEB and resist development. The width ratio of the bottom 

to lower part of the pillars is approximately 1:5. Scale bar 10 μm.  

 

 

5.6.6 Dry Film Photoresists with Positive Sidewalls by EBL 

Positive sidewall profiles in the dry film photoresists were achieved by high-dose EBL. 

Conversely, very high UV-exposure doses do not create positive sidewalls based on the 

fundamentally different interactions of light and electrons with matter. 

5 μm thick dry film photoresists thermally laminated to silicon-silicon nitride substrates were 

exposed by electrons instead of UV-light. A beam spot of 67 nm, and a dose of 25 μC cm-2 

created the dry film resist structures with positive sidewalls seen in Figure 5.41, following PEB 

and resist development as before. A lower dose of 5 μC cm-2 created instead straight sidewalls 

(not shown). The positive sidewall profile likely emerges from electron overexposure, with a 

widening of the exposure profile by wide-angle electron backscattering originating in the silicon-

based substrate.  

 

Figure 5.41. Positive sidewalls in 5 μm thick dry film photoresist cone structures by high-dose EBL. 

Shown are two different cone diameters, ranging from 5 μm to 25 μm. Scale bars 2 μm. 
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ADEX dry film photoresists achieve therefore any sidewall profile; positive, negative or straight 

by choice of exposure conditions. Negative sidewalls result from broadband UV-exposure by 

the T-topping effect, straight sidewalls form by above 350 nm UV-exposure, while positive 

sidewalls are formed by high-dose EBL.  

5.7 Conclusion 

Novel applications for commercial dry film photoresists were demonstrated, with good 

scalability toward large-scale microfabrication. Dry film photoresist lithography realized for 

instance photolithographic patterning strategies on already free-standing silicon nitride 

microcantilever beams. Common additive and subtractive processes such as local metal 

deposition and dry etching were realized using stable dry film photoresist masks, both on tipless 

silicon nitride microcantilevers and commercial AFM cantilevers equipped with sharp pyramidal 

scanning tips. The applicability of dry film photoresist lithography for either probe architecture 

is important as it demonstrates the versatility of the strategy toward for instance AFM scanning 

probes with advanced patterned structures and materials.  

Two silicon nitride-based cantilever sensors enabled by dry film photoresist lithography were 

demonstrated, hardly realized as easily by typical spin-coated photoresists. These were the 

nanowire resistors on cantilevers toward future nanowire-ISFET applications, and the polymer 

pillar probes already implemented within cell elasticity measurements by AFM.  The AFM 

imaging resolution by such dry film photoresist pillars was furthermore theoretically evaluated, 

and compared well to the experimental results. 

Dry film photoresists also realized soft, polymeric cantilever probes without any of the 

potentially damaging bulk substrate release strategies typically used to create polymeric 

microcantilevers from SU-8. Instead, dry film photoresist cantilevers were formed directly by 

resist development of suspended dry film photoresist membranes, attached already to AFM-

compatible silicon probe bodies. Such polymeric cantilevers were created with up to 1000 μm 

lengths, exhibiting excellent in-plane-alignment and up to 1:20 aspect ratios. Additional 

polymeric features, such as pillars or a passivation layer could furthermore be structured on the 

polymeric cantilevers within another round of thermal lamination and dry film photoresist 

lithography. 

The effects of PEB and hardbake temperatures on the resultant dry film photoresist cantilever 

deflection were studied. Here, a PEB of more than 60 oC (preferably around 90 oC) was required 

to realize straight cantilevers, but the stress mechanisms during the thermal cycling protocols are 

still not fully understood.  

Polymeric cantilevers with integrated piezoresistive elements are especially interesting as soft 

and compact probes for (bio)chemical sensor applications. A proof-of-principle demonstration 
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was shown of piezoresistive dry film photoresist cantilevers with good deflection sensitivity. 

Such piezoresistive polymer cantilevers were equipped with titanium metal contacts patterned 

by lift-off, but the protocol needs further adjustments to improve overall metal adhesion to the 

dry film photoresist. Metals were alternatively patterned by wet etching, but this requires strict 

process control for instance not to damage the dry film photoresists.  

General characteristics of the dry film photoresists were also studied, such as the effects of O2 

and CF4 dry etching by RIE on the resist surface structure and wetting properties, the 

applicability of dry film photoresist grayscale lithography, and the creation of negative or 

positive sidewalls by alternative exposure strategies. The applicability of dry film photoresists 

to create original multilayered structures, or to mediate nanowire transfer onto target substrates 

were also demonstrated.  
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6. Part B. Microfabricated, Solid-State Ion-

Selective Electrodes 

As a quick recapitulation from chapter 3, ion-selective selective electrodes, or ISEs are chemical 

sensors with a high selectivity toward specific target ions. Specificity is provided by an 

ion-selective membrane (ISM) which coats the probe. ISEs are furthermore potentiometric 

sensors, where target ion activity is related to the potential difference between the ISE 

(i.e. working electrode) and a stable reference electrode, measured at near-zero currents. That is, 

the open-circuit voltage (OCV) is measured. 

Conventional ISEs are equipped with liquid-contacts, and are widely used within clinical 

applications for detecting biologically relevant ions, such as sodium and potassium in human 

blood and urine samples. Such tests can reveal important information concerning a patient’s 

health, and are employed by most laboratories today [240, 241]. Besides clinical analysis, 

liquid-contact ISEs are employed in agriculture, environmental monitoring, and the food- and 

pharmaceutical industries to mention a few [145]. Besides such liquid-contact architectures, 

ISEs equipped with solid-contact materials have emerged recently. Whereas liquid-contact ISEs 

require regular maintenance to keep the liquid inner filling solution from drying out, these 

so-called solid-state ISEs are maintenance free systems. The operation of liquid-contact ISEs is 

furthermore limited to a smaller temperature and pressure range compared to solid-state ISEs, 

and require always an upright probe orientation [16, 242].  

Both liquid-contact, and solid-state ISEs have commonly been based on pipette-shaped probe 

bodies made from glass [16]. The glass body contains the liquid inner filling solution in the case 

of liquid-contact ISEs, while it for solid-state architectures encases a conductive wire of for 

instance platinum, carbon or gold [138, 243]. Miniaturization of the effective electrode surface 

has almost exclusively focused on shrinking the tip diameter of the glass bodies by pulling 

techniques [244-248]. Micrometer, but also sub-micrometer electrode diameters were achieved 

within liquid-contact designs [248-251], while the smallest reported solid-state electrodes seem 

to be 5 μm in diameter [243]. In the case of solid-state ISEs, both the tip, and wire diameter must 

be shrunk simultaneously, which is perhaps why no smaller solid-state electrodes were reported. 

Yet in terms of the most typical electrode sizes, commercial liquid-contact ISEs commonly 

measure between 2-10 mm diameter  [16]. State-of-the art solid-state ISEs are frequently also 

created with similar electrode sizes [252-256], albeit many examples of 10-100 μm order of 

magnitude electrode diameters also were demonstrated [245, 247, 257, 258].  

That electrode diameters typically measure several millimeters might indicate already that the 

pulling techniques to realize micrometer glass tips are time-consuming. The glass bodies are 
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furthermore mechanically very delicate [16, 137, 243], and may easily break unless care is taken 

during handling and operation. The glass body strategies inherently also lack from design 

variability of the probe body, which may be undesirable for some end-user applications. 

Microfabrication strategies could provide instead immediate customization of ISE probe 

designs, with large-scale fabrication capabilities, at low-cost and increased probe robustness 

compared to glass micropipette bodies. Packaging, measurement device integration and data 

acquisition should furthermore be effortlessly realized within such microfabrication chains.  

Of the two, liquid-contact and solid-state ISEs, the latter appears more easily realized by 

microfabrication techniques. The liquid contact seems cumbersome to implement, the probes are 

not maintenance-free, and have restrictions to probe orientation and as discussed earlier. Liquid-

contact ISEs were therefore not considered for the work presented here. The solid-state electrode 

design (cf. Figure 3.11) is instead ideally suited toward microfabrication, while electrochemistry 

protocols realize the solid-contact fabrication by for instance standard electropolymerization of 

a suitable conductive polymer. The fact that solid-contact, conductive polymers can be grown 

all from a nanometer to micrometer thickness adds even more flexibility to a microfabrication 

strategy. Certain solid-contact conductive polymers and ISMs are even photo-patternable [259-

263], promising a facile integration into microfabrication protocols without the additional 

electropolymerization. However more work on optimizing these polymer compositions toward 

ISE applications is still required [260]. 

With the current mature state of modern microfabrication technology, bridging the gap toward 

miniaturized, microfabricated solid-state ISEs with novel probe architectures does not require 

re-inventing the wheel. Yet surprisingly few examples of lithographically fabricated solid-state 

ISEs were demonstrated so far. This suggests therefore a primary challenge of technology 

transfer from microfabrication engineers to the scientists and chemists specialized on ISEs. 

Additionally, and as pointed out by E. Lindner [264], microfabrication staff do not gladly 

introduce potassium and sodium contaminations into their cleanrooms, adding to the gap toward 

microfabricated ISEs.  

Yet notable exceptions to the glass body designs can be found within solid-state ISE literature. 

The “Christmas-tree” ISE probe belongs to one of the first fully photo-patterned ISEs 

(Figure 6.1(a)), but employed a photocurable hydrogel instead of conductive polymer to realize 

potassium-ion and pH measurements in beating pig hearts [265]. Electrode diameters were as 

small as 250 μm, and the flexible substrate was polyimide. A near-Nernstian response of 

58.3 mV decade-1 was achieved for K-ions, with a linear range between 10-5 M and 10-1 M KCl. 

A more recent example of a microfabricated solid-state ISE is a cantilevered, potassium selective 

probe for in vivo mouse brain measurements (Figure 6.1(b)), where finally advantage was taken 

of high-resolution photolithographic scaling abilities [266]. These cantilever-shaped probes 

composed of 100 μm thick silicon, patterned by dry etching, and equipped with 10 μm and 20 μm 

diameter electrodes with electropolymerized PEDOT(PSS) solid-contacts, and a PVC-based 
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ISM. Such probes only reached 15 mV decade-1 sensitivity toward target K-ions, and a linear 

response range between 2 mM and 40 mM KCl. 

 

Figure 6.1. (a) Christmas-tree ISE probe manufactured by typical microfabrication protocols, used for 

ion measurements in pig hearts. Reprinted by permission from Springer Nature Customer Service Centre 

GmbH: Springer Nature, J Solid State Electrochem, Quality control criteria for solid-contact, solvent 

polymeric membrane ion-selective electrodes. E. Linder and R. Gyurcsányi, © 2009. (b) Microfabricated 

and cantilevered solid-state ISE probe. The probe was 100 μm thick silicon (top left), equipped with 

several ISEs on the top surface (bottom left). The top right image shows the probes after PCB carrier 

integration, while the bottom right image shows the ISE after solid-contact electropolymerization. 

Reprinted from Sens. Actuators B Chem., 207, M. Odijk et al., Microfabricated solid-state ion-selective 

electrode probe for measuring potassium in the living rodent brain: Compatibility with DC-EEG 

recordings to study spreading depression, © 2015, with permission from Elsevier [266]. 

 

 

Besides their fabrication, a more fundamental challenge toward miniaturized, micro-ISEs are 

changes within their physical and mechanical behavior as sensing areas are reduced toward the 

micron size. An excellent review paper by Lindner et al concerning miniaturization-related 

challenges of ISEs provides some insight on what to expect when transitioning from the macro- 

to micron-size [16]. For instance, smaller contact areas between the solid-contact and ISM means 

signal drifts caused by any ISM adhesion losses are expected to increase compared to the 

macroelectrode counterparts. The possibility of complete ISM delamination also becomes a 

more relevant issue. This would at best only shorten the lifetime of micro-ISEs, without posing 

severe restrictions toward short-time measurements. The presence of pinholes in the ISM, and 

leaching of components also becomes more severe as the electrode size decreases. Consequently 

causing signal drifts, noise and worsened LOD. Finally, small, albeit non-zero currents are in 

fact applied during potentiometric measurements for signal amplification. Here smaller 

electrodes suffer more from any resulting polarization of the interfaces, consequentially leading 

to inaccuracies in the potential readout during the measurements. 
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Nevertheless, while more research undeniably is required for optimizing ISE material properties 

and preparation protocols toward both the macro- and micron-size, the time is also ripe for 

exploring and being creative within the still small field of ISE-microfabrication. Here, 

microfabricated and K-ion selective solid-state ISEs are demonstrated on top of 

microcantilevers. The motivation for the sensor fabrication was driven by two main 

considerations. First, the K-ion ISEs provide a first step toward miniaturized sensors for 

investigating lung diseases as part of the project PULMOSENS from the German research 

foundation8. Here, an improved understanding of the transport mechanisms of biologically 

relevant ions within lung cells is important. This could eventually be achieved by solid-state ISE 

sensors, which repeatedly have been shown to possess a linear detection range suited for such 

lung cell measurements [267]. Biologically relevant ions compromise for instance K+, Na+, Cl- 

and H+ (pH). Of these potassium was exemplary chosen for this work as K-ion selective ISEs 

were already frequently studied within solid-state ISE literature, thereby proving a decent 

amount of reference material.  

The cantilever design is furthermore convenient toward future cell measurements. The micro-

ISE cantilever probes shown in this work were however not located on AFM probe bodies, but 

could be made AFM compatible in future as indicated in chapter 5 by the quite simple matter of 

changing the lithography mask designs. AFMs would then conveniently allow simple and 

accurate control over the probe movement in relation to the cells during ion measurements. 

Secondly, the fabrication of the solid-state ISEs was motivated by the mentioned lack of truly 

microfabricated ISEs in literature. Here, common microfabrication strategies were therefore 

combined with know-how on microcantilever construction to realize ISEs for the first time on 

top of thin, microfabricated cantilevers. 

 

The experimental work of the K-ion ISE project was furthermore a co-operation between the 

author and research partners9. 

6.1 Microfabrication of ISEs  

Three distinct fabrication steps were required to create solid-state micro-ISEs on 

microcantilevers, realizing the general construction principle of the functional materials as 

illustrated in Figure 6.2. The design constitutes a first step toward microfabricated ISEs, taking 

full advantage both of probe shape customization and electrode miniaturization. Down to 5 μm 

 
8 PULMOSENS goes under the name research training group GRK 2203, at which M. Roos is associated (see below) 
9 Dot. A. Pasquarelli, Institute of Electronic Devices and Circuits (EBS), Ulm University, provided the self-built 

device for potentiometry (details: chapter 6.2), the PCB carrier design, EDOT(PSS) recipe, and the experimental 

setup for solid-contact electropolymerization. M. Roos, EBS, Ulm University, performed the electrochemical growth 

of solid-contact materials, and synthesis and preparation of solid-contact and ISM solutions. O. H. Wittekindt and 

M. Fauler, Institute of General Physiology, Ulm University, provided the recipe for the K-ion selective ISM. 
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electrode diameters are demonstrated, while only using high-throughput microfabrication 

techniques. The three fabrication steps are detailed in the following sub-chapters. These were: 

Step 1. Microfabrication of ISE-compatible chips. 

Step 2. Chip integration with PCB carriers. 

Step 3. Chemical functionalization. I.e. solid-contact growth and ISM deposition. 

Fabrication protocols including more details related to the microfabrication, carrier integration, 

and solid-contact and ISM recipes for synthesis and electropolymerization are found in the 

appendix section F.  

 

Figure 6.2. Construction principle of the functional materials on the microfabricated solid-state ISEs. 

The figure is similar to the general construction principle shown previously (Figure 3.11). Included here 

is additionally a passivation layer defining the electrode area onto which the solid-contact is grown. 

 

 

6.1.1 Step 1. Microfabrication of ISE Compatible Chips 

ISE compatible chips were microfabricated and compromised of four microcantilevers, each 

equipped with its own electrode for future growth of a conductive polymer solid-contact. The 

final chip is shown later in Figure 6.5(a), page 107. The cantilever architecture was chosen as 

mentioned by its convenient design for future AFM integration and cell studies. The four 

electrodes created per chip was a compromise between acquiring a decent amount of data per 

sample, and the considerable time-consumption later for the solid-contacts 

electropolymerization. The overall chip design, and location of the electrode contact pads was 

also tailored toward compatibility both with already existing PCB carrier designs (see 

chapter 6.1.2), and a self-built potentiometric measurement device10. 

Cantilevers, either from silicon nitride or dry film photoresists were created as before, of 70 μm 

width and 240 μm length. The electrodes were located close to the free-standing ends of the 

cantilevers, always with a 27 μm separation distance from the cantilevers’ free-standing ends to 

the electrodes’ outer perimeter. These 27 μm of space to the cantilevers’ outer edge allowed for 

 
10 Device design and build by Dot. A. Pasquarelli, Institute of Electronic Devices and Circuits, Ulm University. 
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straightforward mask alignment of the various photomask layers explained later (metal 

electrodes and passivation), without fear of misalignment errors which could have compromised 

probe yields. Both 5 μm and 20 μm diameter electrodes were created on the cantilevers. Such 

small electrodes were chosen as they are rarely demonstrated in literature, and also have sizes 

comparable to many human cells [268]. Much larger, 900 μm diameter electrodes representing 

a common electrode size in modern ISE literature were also fabricated to serve as a comparison, 

but such electrodes were located on planar substrates not containing any cantilevers. The 

microfabrication protocol for 900 μm electrodes was similar to that of the cantilevers described 

shortly, but silicon KOH etching formed here only pre-determined breaking lines on the substrate 

backside and not any silicon nitride membranes.  

As base material for the cantilevers, either 1 μm thick silicon nitride was used, or 5 μm thick dry 

film photoresist. The latter served here mainly as a proof-of-principle for the additional 

functionalities of dry film photoresists for cantilever-based sensors. The ISE-chip fabrication for 

both silicon nitride and dry film resist cantilevers initially followed the same fabrication 

protocol, which is illustrated in Figure 6.3 in the specific case of silicon nitride cantilevers.  

A 380 μm thick, (100)-Si wafer with a double-sided 1 μm coating of stress-free, LPCVD silicon 

nitride was first scribed in pieces of sizes 22 mm x 22 mm. A single substrate readily 

accommodated four ISE chips of 5.1 mm x 5.1 mm size (Figure 6.3(a)), each to be equipped 

with four cantilevers each. Silicon nitride membranes were created in the middle of each future 

chip by local backside etching by photolithography and CF4-RIE (Figure 6.3(b)), followed by 

silicon KOH etching through the substrate and terminating at the top side silicon nitride film 

(Figure 6.3(c)). In the case of silicon nitride cantilevers, 150 nm thick gold electrodes with a 

5 nm titanium adhesion layer were created on each future cantilever by thermal electron-beam 

evaporation and lift-off (Figure 6.3(d)). These electrodes supported later the 

electropolymerization of the solid-contacts. Gold was particularly chosen based on previous 

literature comparing gold to for example platinum, finding gold advantageous in terms of shorter 

potential-equilibration times following first contact with the electrolyte solutions [255, 269]. 

Next the electrode passivation defined both the electrode diameter, and assured the compatibility 

of the ISE probes within liquids. For silicon nitride cantilevers, the passivation was created from 

5 μm thick SU-8 photoresist patterned by i-line mask aligner. After resist development, SU-8 

remained everywhere besides at the electrode areas, at parts of the silicon nitride membranes, 

and at large electrode pads at each chip corner required later for electrical connections to PCB 

carriers (Figure 6.3(e)). During another CF4-RIE, the SU-8 acted additionally as an etch mask 

allowing formation of four free-standing silicon nitride cantilevers (Figure 6.3(f)). The thickness 

of both the SU-8 and the unmasked gold electrodes decreased during etching, with final 

thicknesses measured by surface profilometry of approximately 3-4 μm, and 100 nm 

respectively. The SU-8 thickness was especially important as it dictated the optimal solid-contact 

thickness. This is evidenced already by Figure 6.2, where the solid-contact thickness was tried 
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to match the passivation thickness. The final thickness of the SU-8 passivation can of course be 

modified as required either by adjustments to the resist composition (several types are 

commercially available), spin-coating speed, or CF4-etch duration. With the current SU-8 

formulation (SU-8 2005) and i-line mask aligner, 5 μm electrode diameters are already close to 

the smallest achievable size. But thinner SU-8 films could in principle realize sub-5 μm feature 

sizes. Besides SU-8, an SiO2
  passivation for solid-state, microfabricated ISEs was shown 

previously, even on microfabricated cantilevers [266]. Care must however be taken to ensure 

pinhole-free growth of such SiO2, and the maximum passivation thickness, and thereby the solid-

contact thickness, is furthermore limited in terms of the resulting cantilever stress.  

 

 

Figure 6.3. Microfabrication scheme for ISE compatible electrodes on silicon nitride microcantilevers 

starting from (a) silicon chips with double-sided silicon nitride thin films. (b) Local backside etching by 

photolithography and CF4-RIE partially exposes the bulk silicon, (c) which after etching in KOH formed 

silicon nitride membranes at the chip centers. (d) Gold electrodes were created on the future cantilevers 

by lift-off. (e) The metal contacts were passivated by SU-8 besides at the corner contact pads and future 

electrodes. The silicon nitride membrane was partially left uncovered by the SU-8, (f) which acted as an 

etch mask within another CF4-RIE, forming four microcantilevers pointing toward the chip center. In 

reality, the cantilevers were rounded at their free-standing ends, not square as indicated here.  

 

 

Instead, to create dry film photoresist ISE cantilevers, the topside silicon nitride membrane was 

first completely removed following the KOH-etch (Figure 6.3(c)) within another round of 

CF4-RIE. Just as for the fabrication of AFM compatible dry film photoresist cantilevers in 
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chapter 5.5.1, this provided a silicon substrate decorated with open areas ready for dry film 

photoresist lamination. 5 μm thick dry film photoresists were adhered to the sample topside by 

thermal roller lamination, creating free-standing dry film resist membranes at the chip centers. 

The shape of the dry film resist cantilevers was defined by mask aligner UV-exposure and PEB, 

but omitting resist development. Metal contacts were applied by the lift-off protocol for dry film 

photoresists (chapter 5.5.4), using as for the silicon nitride ISE cantilevers a 5 nm titanium 

adhesion layer and 150 nm gold. Lift-off in AZ 100 remover developed also the dry film 

photoresist, immediately creating free-standing dry film resist cantilevers with gold electrodes. 

The electrodes passivation supporting here only 20 μm diameter electrodes was accomplished 

within another round of thermal roller lamination, using again a 5 μm thick dry film resist, 

followed by UV-exposure, PEB and resist development in cyclohexanone. As discussed 

previously, dry film resist lamination on top of already developed and free-standing dry film 

resist microcantilevers is difficult while achieving both smooth, bubble-free surfaces and good 

photomask alignment. Combined with the low metal adhesion, only a couple of ISE compatible 

dry film resist cantilevers were successfully realized per 22 mm x 22 mm mother substrate. 

Recipe optimization of the current dry film photoresist lift-off protocol would be required in 

future to improve probe yields. 

Compared to ISEs on silicon nitride cantilevers with an SU-8 passivation, ISEs on dry film resist 

cantilevers can in principle provide both probes of reduced stiffness and good transparency, 

possibly advantageous for biological measurements while also being a biocompatible material. 

Yet as discussed in chapter 5.5, this still requires sub-5 μm dry film photoresists to appear on 

the commercial market to outcompete similar silicon-based cantilevers in terms of stiffness. 

Specifically comparing the two probe types, SU-8 passivated silicon nitride cantilevers and 

double-layer dry film photoresist cantilevers, it is indeed the latter which possess the 

theoretically higher spring constant. Based on spring constant equations for multilayer beam 

structures (see Ref.: [270]), and disregarding the gold electrodes, a theoretical spring constant of 

1.6 N m-1 was obtained for the silicon nitride cantilevers with an SU-8 passivation, while 10 μm 

thick dry film photoresist cantilevers yield a spring constant of 5.3 N m-1 11. That is, the dry film 

photoresist cantilevers are approximately three times stiffer based on their comparatively large 

thickness. The current benefits of ISEs on dry film resist cantilevers is therefore related more to 

overall probe transparency unless thinner dry film resists can be used in future. As a side-note, 

notice that even softer silicon nitride/SU-8 cantilevers easily are implemented by reducing the 

material thicknesses. Thinner SU-8 films are easily produced by changing to a different, but still 

commercially available SU-8 resist-to-solvent composition, and silicon nitride cantilevers are 

 
11 Assuming: 1 μm thick Si3N4 with 227 GPa Young’s modulus (chapter 5.3), and 4.2 GPa Young’s modulus for the 

dry film photoresist (chapter 5.5.3) as well as for a 3.5 μm thick SU-8 on the Si3N4 cantilevers. 
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stable down to at least 0.5 μm thickness (cf. chapter 5.2). Softer probes are here beneficial for 

measurements on cells which may be damaged as discussed earlier by stiffer probes. 

Finally, the four chips containing either silicon nitride- or dry film photoresist cantilevers were 

separated by mechanical fracture at pre-determined breaking lines incorporated into the substrate 

backside during the KOH etching, as seen later in Figure 6.5(a), page 107. A hardbake on a 

hotplate was additionally performed to improve the SU-8, or dry film photoresist stability. As 

indicated in chapter 5 for dry film resists, this hardbake caused cantilevers to bend more upwards. 

The cantilevers’ out-of-plane bending was not problematic for the ion measurements presented 

later in this chapter, but could in future be better controlled as discussed in chapter 5.5.2 by 

modifying the thermal cycling protocols. CF4-etched SU-8 was furthermore observed to obtain 

the same type of surface morphology as CF4-etched dry film photoresists (cf. Figure 5.36). That 

is, a mostly flat but wavy resist surface formed, and the SU-8 sidewalls seemed to possess the 

same type of membrane as seen with the dry film resists.  

Taking a moment to consider the material compatibilities during sensor operation, it is important 

to notice that the cantilever probes are completely immersed in liquids during the ion 

measurements. The stability of the passivation layer in aqueous environments is therefore 

critical. SU-8 was already used to passivate a multitude of devices operating with or within 

liquids, such as microneedles [271, 272] and microfluidic SU-8 probes [273]. Yet SU-8 is 

reported to take up moisture and swell when immersed in liquids [174, 274], but this did not 

cause any noticeable problems within the ion measurements shown later.  

Good adhesion between the SU-8, and the silicon nitride and gold substrate is furthermore 

important to prevent any SU-8 peeling or delamination. In some cases the solid-contact would 

grow partially underneath the SU-8 passivation which could be a sign of inadequate resist 

adhesion around the electrode areas. In order to prevent undergrown solid-contacts in future, and 

to improve the overall SU-8 adhesion to the substrate, the lithography protocol was modified. A 

sub-monolayer of TI-Prime adhesion promoter was here spin-coated prior to SU-8 application 

in the previous manner, with a simple tape test revealing improved resist adhesion for TI-Prime 

samples compared to samples without TI-Prime. The tape test was conducted after CF4-RIE, but 

before hardbake, by adhering a piece of tape to the sample and then pulling it off. Poor adhesion 

was revealed by severe SU-8 peeling, while well adhering SU-8 was unaffected by the tape 

removal.  

Inspection by optical microscopy also indicated improved resist adhesion by using TI-Prime as 

shown in Figure 6.4, page 106. Instead of SU-8, a 5 μm thick dry film photoresist was also tested 

as passivation material and curiously showed good substrate adhesion even without the adhesion 

promoter.  
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Figure 6.4. Comparisons of three resist passivation strategies for ISE probes using here planar silicon-

silicon nitride samples. (a) SU-8 without adhesion promoter, (b) SU-8 with TI-Prime adhesion promoter, 

and (c) dry film photoresist without adhesion promoter. The increased optical contrast at the SU-8 

sidewalls in (a) correlate with poor performance during tape test adhesion evaluations. Contrarily, both 

SU-8 with adhesion promoter, and the dry film resist showed no enhanced contrast at the resist sidewalls, 

and both performed excellently during the tape test. Scale bars 100 μm. 

 

 

6.1.2 Step 2. Chip Integration with PCB Carriers 

The microfabricated, 5.1 mm x 5.1 mm ISE compatible cantilever chips (Figure 6.5(a)) were 

attached to PCB carriers (Figure 6.5(b)) with a design integrable with a self-built device for 

potentiometry12. Chip integration with the PCB carriers provided both, the option for 

simultaneously recording the OCV of all four electrodes, and a liquid chamber for confining the 

different solutions during measurements. 

Prior to carrier integration, 6 mm x 6 mm x 0.15 mm glass slides were attached to the chip 

backsides by Crystalbond 509, effectively preventing any leakage of liquids through the hollow 

chip centers. The chips were electrically connected and adhered to the PCB carriers by 

application of a curable silver epoxy at the chip corner contact pads. A z-axis micromanipulator 

was used to precisely position the chips onto the carrier backsides. Metal pins soldered onto the 

carriers (see Figure 6.5(c)) provided finally direct electrical connections with the gold electrodes.  

The carrier designs additionally allowed integration of Ag/AgCl pseudo-reference electrodes by 

covering the two half-moon shaped areas seen in Figure 6.5(b) by the silver epoxy, followed 

later by a chemical chloridization process form AgCl surfaces. Such pseudo-reference electrodes 

were used for initial test measurements, but were eventually discontinued. Proper functionality 

of such pseudo-reference electrodes is only achieved under high, and constant chloride 

conditions. In practice, this means that the ion solutions must be mixtures of KCl and another 

chloride containing salt such as NaCl. This excess of chloride ions assures the steady 

equilibrium (6.1), required for a stable electrode potential of the pseudo-reference [275]. 

 
Ag (s) + Cl- (aq) ↔ AgCl (s) + e- (6.1) 

 
12 Device design and build by Dot. A. Pasquarelli, Institute of Electronic Devices and Circuits, Ulm University. 
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Such mixed solutions of KCl and NaCl were however both cumbersome to make, and 

measurements were difficult to interpret due to the ISM’s non-zero selectivity toward Na-ions. 

That is, besides for initial tests the connections from these pseudo-reference electrodes to their 

respective metal pins were broken by partial removal of the topside metal foil with a scalpel. 

Instead, an external, double-junction reference electrode was used during the ion measurements. 

Such electrodes were also commonly employed in the state-of-the-art [147, 269, 276]. 

To fully prevent leakage of liquids between the chip and carrier, the chip backside was 

furthermore passivated with a curable and biocompatible epoxy resin. Finally, a 4 mm tall, 1 mm 

thick glass ring was attached by the same epoxy resin, providing a liquid chamber for the ion 

measurements. The resin gained an amber color during curing, as seen in Figure 6.5(c).  

 

Figure 6.5. (a) Microfabricated substrate containing four ISE compatible microcantilever chips each of 

5.1 mm x 5.1 mm size. The chips were separated by fracture at backside pre-determined breaking lines, 

formed during silicon KOH-etching. (b) PCB carriers capable of proving electrical connections with the 

ISEs. On the carrier frontside, two half-moon shaped metal regions are seen, which may serve as Ag/AgCl 

pseudo-reference electrodes. In case the pseudo-references were not used, their electrical connections to 

the pins were severed. (c) Final sample after carrier attachment. Metal pins provide direct electrical 

connections with the ISEs, and a glass ring confines the liquid solutions. The inset shows the four silicon 

nitride cantilevers with an SU-8 passivation before any electrochemical solid-contact growth or ISM 

deposition. Scale bar 100 μm.  
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6.1.3 Step 3. Chemical Functionalization  

The microfabricated, and carrier integrated ISE-compatible samples were chemically 

functionalized within three to four process steps explained below to yield finally fully functional 

solid-state ISEs following the materials schematic of Figure 6.2. These steps are listed below 

from first to last, and contains discussions on the materials selection of the solid-contact and 

ISM. 

1. Growth of Ag/AgCl pseudo-reference electrodes (optional) 

As discussed, Ag/AgCl pseudo-reference electrodes could be integrated within the carriers, but 

were not used in most cases. Any functionalization toward such pseudo-references required 

galvanostatic surface chloridization of the silver electrodes in 1 M HCl. 

2. Sample pre-treatment prior to solid-contact growth 

Prior to electropolymerization of the solid-contact, samples were subjected to a mild O2-plasma 

for 1-2 minutes (50 mTorr pressure, 80 W power, 20 sccm gas flow). Organic contaminants were 

thereafter removed from the gold electrodes by cyclic voltammetry in 0.5 M H2SO4, with 

solid-contact electropolymerization started shortly thereafter.  

The main purpose of the O2-plasma treatment was not to clean the electrodes, but to render the 

SU-8 more hydrophilic. Without the plasma treatment, proper wetting during the chemical 

cleaning in H2SO4 of small, sub-20 μm electrodes was often unsuccessful. Dummy samples 

processed identically to the ISE chips, and inspected by SEM, indicated no detrimental effects 

by the mild O2-plasma treatment, such as increased SU-8 porosity or nanohair formation 

(cf. chapter 5.6.1). The SU-8 contact angle was measured by the static sessile drop technique, 

using 10 μL droplets of MilliQ water. The contact angle decreased from an initial 90-100o to 

20-30o after 1 min of O2 etching, to sub-5o after 2 min of O2 etching. After one week of storage, 

the contact angle of previously non-wetted SU-8 increased to 25-35o and 10-20o respectively, 

indicating that the surface hydrophilicity of the O2-treated SU-8 passivation decreases with time, 

but does not go back to the original state even after 14 days of storage (appendix section I, 

Table I.2).  

3. Electrochemical growth of PEDOT(PSS) solid-contacts 

Solid-contact PEDOT(PSS) was electropolymerized on top of the gold electrodes following the 

electrode cleaning and hydrophilic treatment of the passivation as explained above. 

Solid-contact, electroactive conductive polymers are generally popular materials for solid-state 

ISEs [138], albeit novel approaches based on high-surface area nanostructured solid-contacts 

(nanowires, tubes, rods etc.) also are promising [137, 277, 278]. These were however too 

cumbersome to pursue within this first demonstration.  
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Conductive polymers for solid-contacts possess mixed electronic and ionic conductivity, and 

function as ion-to-electron transducers [279]. During the ion measurements shown later, ionic 

transport to the solid-contact is carried out by the ISM, while the conductive polymer solid-

contact converts the ionic signal into an electronic signal which is received by the gold electrode 

underneath.  

Many conductive polymers are conveniently formed from their aqueous monomer solutions by 

electropolymerization on electron-conductive surfaces such as Au, Pt or glassy carbon, even 

though certain conductive polymers even allow photolithographic patterning as mentioned 

previously. Popular conductive polymer solid-contacts include poly(pyrrole) (PPy), 

poly(octylthiophene) (POT), and poly(3,4-ethylenedioxythiophene) (PEDOT). The polymers 

are conducting in their oxidized state. That is, they are p-doped polymers [280]. Especially 

PEDOT doped by poly(styrenesulfonate) (PSS), abbreviated PEDOT(PSS) has certain 

advantageous properties compared to the other conductive polymers, and was therefore chosen 

for this work. Advantages of PEDOT(PSS) include for instance limited sensitivity toward 

oxygen and carbon dioxide compared to PPy [281], greater conductivity [138], and limited light 

sensitivity compared to POT [282].  

Here PEDOT(PSS) was grown by galvanostatic electropolymerization from a previously 

prepared and deaerated solution of EDOT and PSS, one electrode at a time instead of in a single 

batch process. The current- and charge densities during the growth were chosen to comply with 

both the electrode diameter and passivation thickness. The solid-contact growth thickness had 

initially been determined and adjusted from surface profilometry measurements of planar 20 μm 

diameter ISE dummies. Different deposition rates were furthermore tested, while visualizing the 

resulting solid-contact surface morphology by SEM, and resulting finally in the current recipe. 

Raman spectroscopy furthermore confirmed the presence of PEDOT(PSS) on the gold 

electrodes13 (see appendix section I). Following electropolymerization, the electrodes were 

rinsed in water and dried for at least three days in dark, ambient conditions before the deposition 

of the ISM as explained next. 

4. ISM drop casting 

As the name suggests, ion-selective membranes are responsible for the target ion selectivity, and 

forms the outer boundary of the ISE. ISMs are composed of a polymer, ionophore, ion exchanger 

and plasticizer. The ion selectivity of ISMs arises from the ionophores, which selectively forms 

complexes with the target ions. Addition of ion exchangers prevent so-called co-ions14 extraction 

from the electrolyte, also known as Donnan exclusion [145]. The selectivity loss of ISEs at high 

ion concentrations is furthermore related to such Donnan failure [283]. Plasticizers are added to 

 
13 Raman spectroscopy performed by Felix Matzik, Institute of Electrochemistry, Ulm University. 
14 For example, Cl- are the co-ions of K+ in a KCl electrolyte. 
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increase the charge carrier mobility and overall membrane viscosity [242, 284], and the polymer 

component forms a rubberlike, hydrophobic matrix where ionic sites and ionophores ideally can 

move freely [285]. 

ISMs based on poly(vinylchloride) (PVC) seem to be the most popular to date, based on a high 

tensile strength and chemical inertness [286], albeit with disadvantages such as membrane 

detachment [143], limited biocompatibility [242, 287], and lifetime issues related to leaching of 

plasticizer and ionophore [288-290]. ISMs based instead on polyacrylates and polyurethanes 

with improved membrane adhesion and reduced water uptakes have emerged as alternatives. 

They do not necessarily require plasticizers, thereby also improving their biocompatibility [284, 

291-293]. Polyurethanes and polyacrylates are also photocurable, easing their use in sensor mass 

production by photolithographic technologies [145]. Yet polyacrylate-based membranes 

struggle with long diffusion times caused by high membrane resistances as compared to PVC 

[294, 295], making so far their use less widespread.  

A PVC based ISM containing common valinomycin ionophores for K-ion selectivity was chosen 

for this work as it still represents the most studied and successful ISM to date, and provided 

therefore a good starting point for the development of this new ISE setup. Yet concerning the 

low biocompatibility of PVC, future studies nevertheless need to evaluate other ISMs with less 

plasticizer content such as polyurethanes or polyacrylates to ensure compatibility within cell 

measurements. 

The K-ion selective PVC-based ISM was not purchased, but made in-house by mixing of the 

individual ISM components. The ISM membrane cocktail was thereafter manually drop cast up 

to three times onto the electrodes following the solid-contacts growth, each time in volumes 

between 0.2 μL to 0.4 μL for the 5 μm and 20 μm diameter electrodes, and in 1.1 μL volumes 

for the 900 μm electrodes. The samples were dried for at least one day, before starting a one day 

conditioning in 0.1 M KCl prior to the ion measurements. The reason the ISM was drop cast in 

several rounds was to help avoid pinhole formation in the membrane, which can lead to 

unwanted liquid uptake at the electrodes. Note that in future studies the ISM thickness should be 

better evaluated and controlled to help ensure optimal sensor reproducibility.  

6.2 Description of the ISE Measurement Setups 

The performance of the microfabricated ISEs was evaluated in terms of their potential response 

to K-ions, the limit of detection (LOD), the ion selectivity coefficient (against Na-ions), and the 

presence of a water layer between the solid-contact and ISM. All measurements took place 

within 20 oC conditions.  
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A self-built device with high input impedance15 was used for the OCV measurements of all ISEs 

on cantilevers. Importantly, the self-built device allowed simultaneous data acquisition from all 

four ISEs with the added option of measuring against Ag/AgCl pseudo-reference electrodes 

integrated into the carrier design. In the following, these pseudo-reference electrodes were not 

used for reasons explained previously. Instead, a double-junction reference electrode 

(Fischerbrand™ accumet™) with a 3 M KCl internal solution, and a 1 M lithium-acetate external 

solution was integrated with the self-built device, providing a stable reference potential during 

the ion measurements even at varying chloride concentrations.  

The ISE sample was fitted within the measurement device, and the liquid chamber was sealed 

with a tight-fitting cap equipped with holes for both the double-junction reference electrode and 

two fluidic tubes, as in Figure 6.6(a), page 112. The resulting free volume inside the liquid 

chamber was small, and approximately 30 μL. During OCV measurements, new solutions were 

introduced by means of the fluidic tubes and an automatic syringe pump system (Nemesys, from 

Cetoni). KCl solutions of concentrations between 10-8 M to 10-1 M were used to determine the 

ISEs’ potential response to K-ions, with solutions exchanged in steps of 10 times increase or 

reduction in molar strength. The ISEs’ ability to discern between K-ions and also biologically 

relevant Na-ions was furthermore determined by the separate solutions method 

(cf. chapter 3.4.3). The potentiometry device itself was placed inside a Faraday cage, with the 

device powered by four high capacity batteries with an operational lifetime of more than 72 h 

(3.6 V, 2600 mAh Li-batteries). Time-varying battery potentials could affect the recorded 

potentials, but this effect was assumed negligible for short-term measurements. 

The potential-equilibration times of the ISEs at first introduction to 0.1 M KCl for one day were 

not measured. A constant flow of fresh solution would have been required overnight, which was 

hardly possible or safe within the current setup. Short potential equilibration times are of course 

desired for biomedical applications, and should therefore be determined in future.  

Instead of the semi-automated exchange of solutions with the pump system, solutions could also 

be introduced, and exchanged manually. Besides being more cumbersome, manual solutions 

exchange also caused measurement noise especially for electrode diameters 20 μm and below. 

And importantly, long-term measurements such as the water layer test were unreliable within 

this simple setup as Li-ion poisoning from the reference electrode over durations more than 

1 min became relevant (here: ~180 μL sample volume). That is, the valinomycin-based ISM 

seems to possess a non-zero selectivity toward Li-ions as was also shown in literature [147, 292]. 

Reliable OCV measurements over several hours were therefore not possible without the 

continuous flow of fresh solution to the ISEs, which minimized the influence of reference 

electrode poisoning. Only the continuous flow setup described initially could therefore perform 

 
15 Device by Dot. A. Pasquarelli, Institute of Electronic Devices and Circuits, Ulm University. Input impedance 

estimated at 1012 Ω order of magnitude. 
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the water layer test, where 10-1 M KCl was exchanged by 10-1 M NaCl and back again during a 

near-continuous flow over several hours.  

OCV measurements of all ISEs on cantilevers (diameters 5 μm and 20 μm) were performed 

within the self-built device for potentiometry with the automatic pump system. Instead, for the 

planar 900 μm diameter ISEs a commercial measurement device was used (PalmSens4, from 

PalmSens). Here the ISEs were placed inside a large Faraday cage, with the same double-

junction reference electrode immersed into the liquid chamber (Figure 6.6(b)). OCV 

measurements were performed on single electrodes at a time, with manual exchange of KCl 

solutions. Here, a total of 700 μL to 900 μL solution was exchanged while removing- and 

introducing the new solution in 60 μL to 80 μL increments. This achieved both, near-perfect 

exchange between different KCl concentrations16, and avoiding at any point the drying of either 

the ISEs or the reference electrode. The same measurements with 900 μm ISEs were repeated 

later within the self-built device, and yielded similar results. This indicates that both the self-

built- and commercial device for potentiometry yields valid results. The self-built device was 

eventually preferred as it allowed simultaneous recording of all electrodes. 

 

Figure 6.6. (a) The self-built device for potentiometry including the syringe-based pump system and 

accomplishing both, a semi-automated exchange of solutions, and a continuous flow of fresh solution to 

the ISEs. Underneath the lid, the ISE sample was equipped with a cap to seal off the liquid chamber. The 

double-junction reference electrode and two fluidic tubes for inlet and outlet of solutions were fitted 

within the cap. (b) Setup with a commercial potentiometry device, measuring one electrode at a time and 

exchanging solutions manually. Two clamps secured the ISE sample and reference electrode.  

 

 

 
16 While increasing the concentration, more of the old solution must be exchanged to ensure the final solution inside 

the liquid chamber obtains the desired new concentration. Here, with a total liquid chamber volume of 180 μL, while 

exchanging in 60 μL increments, approximately 700 μL and 900 μL new solution was needed to achieve < 0.5 % 

deviation from the new molar concentration, for a 10x increase or 10x decrease in molar concentrations respectively.  
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6.3 Device Performance of the Microfabricated ISEs 

Here the performance of the microfabricated ISEs of all the electrode sizes and material 

configurations are presented, including their K-ion response, selectivity coefficient toward 

Na-ions, and the water layer test. The K-ion response was calculated by the Nernst equation (3.6) 

(page 27) with activity coefficients calculated by extended Debye-Hückel theory, equation (3.9) 

at 20 oC. The selectivity coefficient was evaluated by the separate solutions method as by 

equation (3.11), page 29. 

6.3.1 The Potassium-Ion Response of Microfabricated ISEs 

The potassium-ion responses of all four types of ISEs were measured. These were the: 900 μm 

planar ISEs, 20 μm cantilevered ISEs of either dry film photoresist or silicon nitride/SU-8 based 

materials, and 5 μm cantilevered ISEs of silicon nitride/SU-8. Ion concentrations between 

minimum 10-8 M KCl to 10-1 M KCl were used and the resulting sensitivities were calculated in 

mV dec-1.  When possible the LOD was also estimated. 

Potassium-ion response: 900 μm diameter ISEs on planar substrates 

To improve the understanding of ISE miniaturizing effects, 900 μm diameter electrodes were 

created as comparison onto planar substrates and equipped with PEDOT(PSS) solid-contacts. 

Such electrodes represent typical sizes of non-microfabricated ISEs in modern literature. The 

electropolymerization was successful for two electrodes, while the remaining two exhibited 

severe cracks in the PEDOT(PSS) surface and are therefore not included in the evaluations.  

The K-ion measurements were performed with the commercial device for potentiometry while 

manually exchanging the solutions as explained in chapter 6.2. The OCV recording was paused 

during solution exchange to yield potential-time data with minimal noise influence. A 

comparison between paused and un-paused OCV measurements are shown in the appendix 

section I, demonstrating that the data recorded during the pause did not alter the K-ion response 

calculations presented shortly.  

Figure 6.7 (page 114) shows the potential-time plot, and associated potentiometric response 

plotted as a function of the log of K-ion activity between 10-7 M and 10-1 M KCl. A total of five 

cycles between 10-7 M and 10-1 M KCl were performed with the two electrodes, both for 

increasing, and decreasing molar strength. Both electrodes showed a similar response curve with 

a slope of 50.4 mV dec-1 in the linear, relevant regime of the curve between 10-4 M and 10-1 M 

KCl. The standard deviation was 1.8 mV dec-1. The LOD was determined at 9.1·10-6 ± 

3.0·10-6 M. 
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Figure 6.7. Planar, 900 μm diameter ISE. (a) Potential, E as a function of time for KCl concentrations 

between 10-7 M and 10-1 M as indicated. (b) Corresponding potential response curve, of potential as a 

function of the logarithm of K-ion activity, aK+. “Up” indicates increasing KCl concentrations, from 

10-7 M toward 10-1 M, while “Down” indicates decreasing concentrations, from 10-1 M toward 10-7 M. 

The linear slope between 10-4 M and 10-1 M KCl was 50.4 mV dec-1 (average over multiple cycles). 

 

 

Potassium-ion response: 20 μm diameter ISEs on Si3N4 cantilevers 

To both, show improvements to ISE miniaturization capabilities by microfabrication techniques, 

as well as to realize ISEs on cantilever probes, 20 μm diameter ISEs were created on silicon 

nitride microcantilevers. All measurements were performed within the self-built device for 

potentiometry, equipped with the syringe pump system and double-junction reference electrode 

as explained in chapter 6.2.  

Shown in Figure 6.8 is the potential-time plot and associated potentiometric response plotted as 

a function of the log of K-ion activity. All four ISEs were responsive to varying K-ion 

concentrations, but only one ISE exhibited stable potentials and was used here exclusively for 

the data-evaluations. A total of four cycles between 10-8 M and 10-1 M KCl were performed, 

both for increasing, and decreasing concentrations. The potential response had a slope of 

51.4 mV dec-1 in the linear, relevant regime between 10-4 M and 10-1 M KCl. The standard 

deviation was 1.8 mV dec-1. The LOD was estimated at 3.6·10-6 ± 2.0·10-6 M. That is, compared 

to the 900 μm diameter ISEs with the same solid-contact and ISM, ISE miniaturization down to 

20 μm diameter shows no detrimental effects on either K-ion response or LOD. It is however 

not clear if the larger electrodes provide more stable potential readings compared to the 20 μm 

electrodes during the first two days of KCl immersion. Larger electrodes are as discussed at the 

beginning of this chapter generally assumed to be more stable, and less affected e.g. by ISM 

pinholes or polarization of interfaces to mention a few.  
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Figure 6.8. ISE of 20 μm electrode diameter on a silicon nitride cantilever. (a) Potential, E as a function 

of time for KCl concentrations between 10-8 M and 10-1 M as indicated. (b) Corresponding potential 

response curve, displaying potential as a function of the logarithm of K-ion activity, aK+. “Up” indicates 

values obtained by increasing KCl concentrations, while “Down” indicates decreasing concentrations. 

The linear slope between 10-4 M and 10-1 M KCl was 51.4 mV dec-1 (average over multiple cycles). 

 

 

Potassium-ion response: 20 μm diameter ISEs on dry film photoresist cantilevers.  

As a proof-of-concept, 20 μm diameter ISEs were created on dry film resist cantilevers. 5 μm 

thick dry film photoresists compromised both the base layer, as well as the electrodes 

passivation. Gold electrodes were used, but showed poor adhesion to the dry film resist within 

the current lift-off protocol. Because of the poor metal adhesion, and alignment difficulties 

during mask aligner exposure of the passivation layer, only some dry film resist cantilevers 

compatible with subsequent solid-contact growth were achieved. In the following, one of the 

four dry film resist cantilevers could be equipped with a PEDOT(PSS) solid-contact as seen in 

Figure 6.9, page 116. The other three electrodes were only partly gold-covered, and were after 

ISM drop casting to be considered as coated-wire electrodes, but with effective sizes below 20 

μm diameter. Such coated-wire electrodes lack a solid-contact, but are still expected to respond 

to varying K-ion concentrations. Albeit with larger potential drifts compared to true solid-state 

ISEs [145]. 
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Figure 6.9. Four ISE-compatible dry film resist cantilevers after electropolymerization of PEDOT(PSS) 

solid-contact on the top left electrode (see inset for detailed view). Gold adhesion to the primary dry film 

resist layer was poor, with only the top left electrode applicable for solid-contact growth also due to mask 

aligner adjustment difficulties. Scale bar 100 μm. 

 

 

The one solid-state ISE with PEDOT(PSS) exhibited severe drifts during K-ion measurements 

(Figure 6.10(a)). A response of 28 mV dec-1 was calculated, but potentials were hardly 

reproducible while cycling between high and low KCl concentrations and difficult to properly 

estimate. It is however not surprising based on previous results that a single ISE can behave 

poorly. Large potential-drifts upon the appearance of new KCl concentrations was seen also 

previously with some 20 μm ISEs on silicon nitride cantilevers. Yet these poorly behaving ISEs 

did not show indications of any substandard cantilever construction or imperfect solid-contact 

growth. A larger sample size would therefore be required in future to better investigate the 

applicability of ISEs on dry film resist cantilevers. 

Surprisingly, all three coated-wire type ISEs showed excellent K-ion potential responses 

(Figure 6.10(c)), with a near-Nernstian response of 57.2 mV dec-1 in the relevant linear regime, 

and a standard deviation of only 0.4 mV dec-1. The LOD was estimated at 4.3·10-7 ± 0.9·10-7 M 

KCl. That is, the coated-wire electrodes on dry film resist cantilevers outperformed for the 

samples investigated here, both the 20 μm and 900 μm PEDOT(PSS) solid-state ISEs, for 

measurements performed within less than two days following initial KCl immersion. Long-term 

potentials drifts were however not evaluated. 
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Figure 6.10. (a), (b) Solid-state ISE with PEDOT(PSS) solid-contact, and (c), (d) a coated-wire type 

electrode, both on dry film photoresist cantilevers with 20 μm electrode diameters. (a) The potential, E of 

the solid-state ISE as a function of time, for KCl concentrations between 10-6 M and 10-1 M as indicated. 

(b) Corresponding potential response curve, displaying potential as a function of the logarithm of K-ion 

activity, aK+. “Up” indicates values obtained by increasing KCl concentrations, while “Down” indicates 

decreasing concentrations. The linear slope between 10-4 M and 10-1 M KCl was on average 28 mV dec-1. 

(c) The potential, E of a coated-wire type electrode as a function of time for KCl concentrations between 

10-8 M and 10-1 M as indicated, with the (d) corresponding potential response curve. The linear slope 

between 10-4 M and 10-1 M KCl was 57.2 mV dec-1. 

 

 

Potassium-ion response: 5 μm diameter ISEs on Si3N4 cantilevers 

To further assess the miniaturization capabilities of microfabricated ISEs, smaller 5 μm diameter 

electrodes were created on the silicon nitride cantilevers. Such electrodes represent already close 

to the smallest achievable size for the current SU-8 resist (SU-8 2005). The yields of successfully 

grown PEDOT(PSS) solid-contacts on 5 μm electrodes were repeatedly lower compared to 

larger electrodes of 20 μm diameter and above. Low yields were likely caused in part by poor 

SU-8 wetting behavior (at 3.3 μm SU-8 thickness). The O2-plasma pre-treatment was here 
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particularly important to increase SU-8 hydrophilicity, but would still rarely yield successful 

PEDOT(PSS) growth on more than 50 % of electrodes. In the following results, only one of the 

four electrodes on the sample could be equipped with a PEDOT(PSS) solid-contact. In future, 

electropolymerization yields might be improved by a prolonged O2-plasma pre-treatment, and 

increased agitation of the sample prior to electropolymerization. 

The 5 μm diameter ISE responded to varying K-ion concentrations as seen in Figure 6.11(a), 

exhibiting slow drifts before reaching the new stable potential in the new KCl concentration. 

The LOD was below 10-3 M, but could not be more precisely determined from the available data. 

Between 10-3 M and 10-1 M KCl, the potential response was calculated at 30.1 mV dec-1, with a 

standard deviation of 4 mV dec-1. The decay in sensitivity, LOD and the slow drifts seen for the 

5 μm ISE compared to larger ISEs could be a size effect, but could also be an effect occurring 

seemingly randomly within some PEDOT(PSS) ISEs regardless of size. A larger sample size is 

therefore required to properly answer these questions in future, but results already demonstrate 

that 5 μm diameter electrodes are achievable by facile microfabrication techniques. Such 

electrodes can be equipped with PEDOT(PSS) solid-contacts, and show a measurable, albeit not 

ideal response toward target K-ions. 

 

Figure 6.11. ISE of 5 μm electrode diameter on a silicon nitride cantilever. (a) Potential, E as a function 

of time for KCl concentrations between 10-4 M and 10-1 M as indicated. (b) Corresponding potential 

response curve, displaying potential as a function of the logarithm of K-ion activity, aK+. “Up” indicates 

values obtained by increasing KCl concentrations, while “Down” indicates decreasing concentrations. 

The linear slope between 10-3 M and 10-1 M KCl was 30.1 mV dec-1 (average over multiple cycles). 

 

 

6.3.2 Electrodes Characterization 

Two common ISE characterization protocols were performed to further understand the ISEs’ 

behaviour and performance relative to state-of-the-art solid-state ISEs. The presence of a water 

layer between the ISM and solid-contact was studied with the water layer test, and the selectivity 

coefficient relative to Na-ions was determined by the separate solutions method. Both protocols 
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are relevant as sodium is expected in abundance in biological systems such as the proposed lung 

cells [296], and any water layer is not desired as it causes unwanted signal drifts.  

Only the 20 μm diameter ISE on a silicon nitride cantilevers was studied as such electrode sizes 

are suited toward future desired applications within (lung) cells compared to the larger, 900 μm 

electrodes. These 20 μm ISE showed as well more ideal responses during the K-ion 

measurements presented previously, compared to both 5 μm electrodes and 20 μm electrodes on 

dry film resist cantilevers, making the 20 μm ISE the most suited for further characterization. 

The water layer test  

The frequently observed presence of an approximately 10 nm thick water layer between the 

solid-contact and ISM has been known for 20 years [297, 298]. Strategies for minimizing or 

excluding the water layer have included using ISMs with reduced water uptake [293, 299], 

highly hydrophobic solid-contact materials [147, 253, 300], thorough washing of the solid-

contact following fabrication if applicable [136], and preventing ISM pinhole formation by 

multiple rounds of drop casting [147].  

The presence of a water layer is famously detected by the water layer test, with typical results 

shown in Figure 6.12(a). Here the ISE is initially subjected to a pure solution of target ions, I 

(here: K+) followed by a pure solution of interfering ions, J (here: Na+). After reaching a stable 

potential the solutions are switched back. A positive potential drift while exchanging to the 

interfering ions, and a negative potential drift while exchanging back to the target ions are 

indicative of a water layer. A lack of drift conversely indicates that no water layer is present. 

 

Figure 6.12. (a) Ideal results from the water layer test, with target ions I, interfering ions J, and counter-

ions X. Potential measurements, E(Time) are initially performed in an IX electrolyte before switching to 

a JX electrolyte and back again. The solid line shows the expected response when a water layer is present, 

while the dotted line shows the response without a water layer. (b) Water layer test for a 20 μm diameter 

ISE on a silicon nitride cantilever, with a PEDOT(PSS) solid-contact and a K-ion selective, PVC-based 

ISM. The potential drifts upon solutions exchange are indicative of a water layer between the solid-

contact and ISM. 
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Water layer test protocols are generally quite ambiguously defined. It was recently shown for 

instance that the solid-contact and ISM thickness, morphology of the solid-contact, ISM 

chemical composition, and the preliminary immersion duration in the target ion electrolyte all 

influence the overall shape and time-dependence of the recorded potentials [141, 298]. But in 

either case, any potential curves resembling the shape of the dotted line in Figure 6.12(a) are 

considered clear signs of a water layer. Conversely one should be aware that ISEs apparently 

showing immediate potential equilibration (like the solid line, Figure 6.12(a)) might also contain 

a water layer detectable only after much longer equilibration times. 

The water layer test was performed here with the 20 μm diameter ISE on a silicon nitride 

cantilever. The ISE were first equilibrated in 0.1 M KCl until a near-stable potential was reached, 

before exchanging to 0.1 M NaCl, and back to 0.1 M KCl after about one hour. The initial strong 

positive potential-drift while exchanging to NaCl (Figure 6.12(b)) is indicative of the presence 

of a water layer between the PEDOT(PSS) solid-contact and PVC-based ISM as expected from 

literature [253]. For short-term measurements, potentials drifts related to the water layer are not 

necessarily detrimental to sensor applications. Frequent calibrations of ISEs with water layers 

are however required to ensure correct evaluations within unknown sample concentrations [253]. 

Selectivity coefficient – K+ vs. Na+ 

The selectivity toward Na-ions was estimated for a 20 μm diameter ISE on a silicon nitride 

cantilever by the separate solutions method (see chapter 3.4.3). The ISE’s response to NaCl 

concentrations between 10-3 M and 10-1 M was measured, directly followed by measurements in 

10-3 M to 10-1 M KCl. By linear regression of the resulting E(log aK+) and E(log aNa+) plots, the 

selectivity coefficient, KK, Na was calculated by equation (3.11), page 29. A value of log KK, Na = 

-2.1 was found, approximately two orders of magnitude smaller compared to reported literature 

values (log KK, Na ≈ -4) [139, 258, 301]. The selectivity obtained here is furthermore assumed to 

be too optimistic, as care was not taken to eliminate any previous contact of the ISE with the 

target K-ions. Leaching of the target ions may therefore have occurred during the NaCl 

measurements, subsequently yielding a greater error in the selectivity coefficient calculations 

[142]. The relatively large selectivity coefficient indicates in either case that the ISM-synthesis 

protocol can be improved in future to better eliminate signals from interfering ions.  

 

 

6.4 Conclusion and Final Remarks on Microfabricated ISEs 

Microfabricated, K-ion selective 20 μm diameter ISEs were for the first time demonstrated on 

thin microcantilever beams with close to Nernstian responses to varying target ion 

concentrations, and a satisfactory LOD in the micromolar range. The performance of such 

micro-ISEs was comparable to larger, 900 μm diameter, microfabricated and planar ISEs 
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representing more commonly used electrodes sizes. Electrode miniaturization down to at least 

20 μm diameter does therefore not detrimentally impact either the ISEs’ target ion response, or 

LOD. In terms of signal-drifts associated with varying ion-concentrations, the current results do 

not clearly indicate any mayor differences between 20 μm and 900 μm electrode diameters. But 

the sample sizes were small, and the different measurement setups make a direct reliable 

comparison of signal drifts between the macro- and microelectrodes difficult. To more properly 

evaluate these signal drifts, greater care is also needed in future to ensure appropriately long 

times for electrode potentials to stabilize before the start of the ion measurements. As causes for 

signal drifts, many sources were already identified, such water layer formation between the 

solid-contact and ISM [16], slow equilibrium processes in the conductive polymer solid-contact 

[137], adhesion loss between the ISM and solid-contact [16], an unstable ISM composition 

caused by leaching of membrane components [242], and polarization of interfaces as small, 

albeit non-zero currents are applied during the potentiometric measurements [16, 242].  

Any interferences of the solid-contact with either light, O2 or CO2 may also cause signal drifts 

[16, 137], and some light sensitivity was also occasionally experienced within the current 

measurements independent of probe configuration. It seems therefore that inferences by light 

may be eliminated by better control over the solid-contact growth parameters. Finally to reduce 

signals drifts the reference electrode poisoning needs to be eliminated by continuously supplying 

fresh conditioning solution to the ISEs, and/or by increasing the liquid chamber volume.  

In terms of the low sensor reproducibility, both variations within the microfabrication protocol 

and the chemical functionalization must be evaluated. After microfabrication, the sample chips 

showed a low variability between probes as assessed by optical microscopy. That is, all 

cantilever probes looked similar following both microfabrication and PCB carrier attachment, 

and electrical connections between the electrodes and the carriers could be confirmed. Severe 

SU-8 delamination was not observed, but substrate adhesion can be improved in future by 

adhesion promoters as mentioned earlier, to hopefully also prevent any solid-contact 

undergrowth. And while water uptake is reported for SU-8, it does not explain the observed 

variability between ISEs on a single chip. Rather, variations within the solid-contact growth 

seem more likely to cause the performance variability within same-chip ISEs. For example, for 

the 20 μm diameter ISE sample on silicon nitride cantilevers reported on here, only one of the 

four probes responded as shown previously in Figure 6.8. The remaining three ISEs exhibited 

variable potential-drifts upon the appearance of new KCl concentrations, as well as a poorer 

sensitivity to K-ions. Compared to a previous 20 μm ISE sample, prepared by the exact same 

protocol, here all four electrodes behaved similarly with a 52.0 mV dec-1 response in the relevant 
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linear range17. A comparison of the potential-time responses of these two 20 μm ISE samples is 

shown in the appendix section I.  

Variability in solid-contact quality can certainly be related to the gold-electrode, where it is 

reasonable to assume the presence of dirt particles or re-deposited SU-8 and silicon nitride after 

the last CF4-RIE. Both the oxygen-plasma treatment and ensuing electrode cleaning by cyclic 

voltammetry are effective methods for removing the organic surface contaminations, while any 

redeposited silicon nitride in future should be removed by a quick BOE or HF dip. Regardless, 

it seems that primary emphasis is needed toward improving the quality, and reproducibility of 

the solid-contact itself. This could include changing the ratio between the EDOT and PSS 

components in the monomer solution which reportedly changes the film surface roughness [302], 

and studying the effect of electropolymerization strategy. For instance, besides galvanostatic 

electropolymerization at constant current as used here, other common methods include 

potentiostatic, and potentiodynamic (cyclic voltammetry) techniques [303-305]. The type of 

solvent used in the monomer solution is also reported to effect on the overall PEDOT(PSS) 

quality [304, 306], and the growth substrate is reported to influence the polymer growth rate, 

film morphology and the resulting PEDOT-to-PSS ratio [255].  

A smaller, 5 μm diameter ISE was also presented in this work, but showed unsatisfactorily slow 

drifts upon KCl concentration changes and a potential response of only 30 mV dec-1. Again the 

ISE sample size was very small, consisting of only one solid-state ISE. It is therefore not clear 

if the sensor instability was related to the small electrode size, or for instance to a poor 

PEDOT(PSS) quality. Generally, the smaller the electrode, the greater the impact of ISM 

pinholes, leaching of ISM components, and the severity of polarized interfaces as discussed 

earlier. But without a larger sample size, it is hardly possible to singularly assign the instability 

of the 5 μm ISE to such size effects. 

Not yet discussed is the influence of the cantilever design on the ISE potential response. In 

principle, cantilevers with metal electrodes running along the body can display a piezoresistive 

response during beam deflection, caused here either by the manual or automatic exchange of 

solutions, or by SU-8 swelling. Yet the measurements indicate that if indeed such piezoresistive 

effects are present, they are non-significant. Only small signal drifts were seen with the best 

ISEs, and the potentiometric responses were easily evaluated. Signal drifts while pausing the 

continuous flow within the pump system were of minor importance, and were more likely related 

to reference electrode poisoning in the small sample volume rather than to piezoresistive effects. 

Note that piezoresistivity might play a more important role within cantilever probes of smaller 

stiffness. 

 
17 The sample was measured within the self-built device for potentiometry but without the pump system, so the water 

layer test could not be performed, and the ion-selectivity coefficient was not measured. Therefore only results from 

the former sample, with one of four properly functioning ISEs was presented here. 
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The operational lifetime of the micro-ISEs would be interesting to evaluate as issues for example 

related to membrane leaching and ISM detachment from the solid-contact are expected to play 

a more important role during prolonged measurements. Here, samples were measured over 12 h 

to 14 h after a one day conditioning in 0.1 M KCl. No significant loss of sensitivity, or increased 

signal drifts could be detected within the 14 h period. Samples were even measured, dried, and 

re-measured up to one week later while still showing similar potential-responses.   

Finally, a micromolar LOD for K-ions is already more than good enough for the desired 

applications on lung cells (required here: 10-2 M order of magnitude [267]). Yet the LOD might 

still be improved by use of alternative conditioning protocols in KCl of molar strengths below 

0.1 M [147].
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7. Proposals for Future Work 

Considering first dry film photoresist lithography on silicon nitride cantilevers (chapter 5.4), the 

demonstrated functionality of dry film photoresists as temporary masks within both common 

additive and subtractive processes in general means the field is open to explore new creative 

ideas and protocols for cantilever-based sensors. Dry film photoresist lithography enables now 

fabrication protocols previously thought impossible by the inapplicability of spin-coating of 

microstructured substrates.  

Looking forward with the work already presented, the silicon nitride cantilever sensors enabled 

by dry film photoresist lithography in chapter 5.4 require certain improvements. First, the AFM 

compatible cantilevers equipped with dry film photoresist pillars for cell elasticity measurements 

demand validation of, and possible adjustments to the force-distance equation (5.3). Currently, 

the equation most notably disregards the 12o probe inclination, which might lead to errors in the 

elastic modulus estimations especially at large pillar diameters. Comparing cell measurements 

performed with commercial, flat-ended silicon pillars to dry film photoresist pillars of 

comparable size would also be interesting to demonstrate further the applicability of the dry film 

pillar probes. And the biocompatibility of the dry film photoresist pillars needs proper 

evaluation, but is from previous SU-8 literature already assumed to be good. 

The second silicon nitride-based cantilever sensor enabled by dry film photoresist lithography 

were the liquid-compatible, silicon-nanowire resistors. In future, the demonstrated fabrication 

protocol could serve as a platform to realize sensitive nanowire-ISFETs on cantilevers. This 

importantly requires improvements to nanowire-sensitivity, modifiable by the growth conditions 

and an appropriate surface functionalization. In addition, any possible adverse effects of high 

dry film resist hydrophobicity in the gate area should be investigated. The microfabrication 

protocol should furthermore aim at controlling the nanowire deposition densities on the 

cantilevers. Here, improved force control during nanowire contact printing, local friction 

modification by so-called catcher structures, and evaluating a suitable nanowire growth density 

and nanowire length will help in future. Controlling the amount of nanowires contributing to the 

resistor is also achieved by modifying the separation distance- and size of the metal contacts. 

Dry film photoresists also enabled the creation of polymeric cantilevers. Notably without need 

of any frequently damaging bulk substrate release strategy. 1000 μm long dry film photoresist 

cantilevers were already created, but cantilever lengths can likely be increased in future.  

But more important than increasing probe lengths is the desire to understand the underlying 

stress mechanisms of such probes during the lithographic processing and thermal cycling. Until 

now, the bending behaviour of the dry film photoresist cantilevers is not well understood, but is 
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likely related to the complex substrate architecture and differences in the coefficients of thermal 

expansion and thermal conductivity between the dry film photoresist and silicon substrate. A 

more thorough understanding demands for instance computational simulations, while cross-

linking densities at different parts of the probes could be evaluated by the FT-IR technique 

already demonstrated with similar SU-8 resists. Differences in cross-linking densities between 

the free-standing dry film photoresist cantilever, and adjacent dry film photoresist on top of the 

silicon probe body, would be particularly interesting to evaluate. Nevertheless, dry film 

photoresist cantilevers with excellent in-plane-alignment were already achieved even without a 

thorough understanding of the stress-mechanisms. Strict process control should help in future to 

create uniform batches of such polymeric cantilever probes.  

Yet the most pressing issue related to the dry film photoresist cantilevers is accomplishing 

satisfactory metal lift-off. Successful and non-destructive metal patterning is necessary to realize 

for instance sensitive, piezoresistive probes for (bio)chemical sensor applications. Several 

strategies aimed at improving the metal adhesion during lift-off were already tested. In future 

the following, still untested strategies hold some promise. Such as, changing the substrate design 

to limit the area of, and thereby the amount of buckling experienced by the suspended dry film 

photoresist membranes during thermal cycling. Testing again adhesion promotion by O2-plasma 

instead of CF4-plasma. Changing the type of TARC, and/or lift-off resist. Using a (round) wafer, 

instead of the rectangular-shaped ones used here (30 mm x 15 mm) should improve the resist 

spin-coating homogeneity and reliability, with the cantilever structures placed as close toward 

the wafer centre as possible. And importantly, the current lift-off solvent, AZ 100 was not 

designed for lift-off purposes. Finding an alternative solvent or lift-off technique would likely 

prove helpful to probe yields, and limit metal redeposition. AZ 100 additionally develops the 

dry film photoresist, which is undesirable for any subsequent application of a dry film photoresist 

passivation. However, instead of a dry film photoresist serving as the passivation layer, parylene 

applicability would be interesting to assess for future applications. Parylenes are biocompatible 

polymers, with small Young’s moduli around 2-3 GPa, and coating thicknesses down to 20 nm 

up to some hundreds of micrometres are theoretically achievable at room-temperature. Albeit by 

conformal deposition [307, 308]. 

Finally, the microfabricated and miniaturized ISEs demand several improvements prior to 

applications in real biological systems. First, the sensor reproducibility must be improved by a 

better understanding of the solid-contact growth parameters and overall electropolymerization 

protocol, and possibly by modifying the EDOT-PSS recipe. Optimization of the solid-contact 

thickness is also desired. Alternative, water layer eliminating hydrophobic solid-contact 

materials such as PEDOT-C14 [253] or PEDOTF [254] are also interesting to test, and should 

prove helpful at reducing signal drifts.  

In terms of the ISM, the current PVC-based membrane has the drawback of poor 

biocompatibility. Looking forward, other ISMs with improved biocompatibility compared to 



 

127 

PVC are necessary to realize non-destructive measurements on cells. Polyacrylate- or 

polyurethane-based ISMs could provide a good alternative, albeit the diffusion coefficient of 

these materials- and thereby their response times, are expectedly larger compared to PVC. 

Finally the ISE probe design requires modifications to allow in the first place measurements 

within larger sample volumes, which will decrease the effect of reference electrode poisoning. 

And for future cell measurement, an interesting addition to the cantilever design might be dry 

film photoresist scanning tips, allowing simultaneous topography- and ion measurements. This 

demands of course also better ISM drop casting control, for example by a microdroplet 

dispenser. 

 

 



 

128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



 

129 

8. Summary 

The original question setting off the past three years of work was: “Is there an easy way to 

perform large-scale photolithography on microcantilevers?” The answer came in the form of 

commercially available, thin dry film photoresists. As was shown here, such dry film 

photoresists are easily adhered to silicon-based substrates containing even very thin and fragile 

microstructures such as silicon nitride microcantilever beams. Resist adhesion is achieved by 

simple thermal roller lamination, while the remnant lithography protocol is more or less identical 

to that of similar SU-8 photoresists. That is, no other equipment besides an inexpensive thermal 

roller laminator is required to introduce dry film photoresist lithography into the standard 

lithography lab. Years of SU-8 research furthermore aids the understanding of both the 

properties and possibilities within dry film photoresist lithography. 

To both, determine the functionality of dry film photoresists within common additive and 

subtractive microfabrication protocols, and, to investigate the capabilities of dry film photoresist 

lithography on microcantilevers, dry film photoresists were laminated onto substrates containing 

pre-fabricated, planar silicon nitride cantilevers. Following mask aligner exposure, PEB, and 

resist development, dry film photoresist-coated microcantilevers were subjected to either dry 

etching, or thermal metal deposition and lift-off. In both cases, the dry film photoresists acted as 

viable masks removable in warm NEP solvent at the end of the processes. Dry film photoresists 

also accomplished stable, functional structures on the silicon nitride microcantilevers. Most 

notably achieving AFM compatible dry film pillar probes used to determine mouse NIH-3T3 

fibroblast cell elasticities, and liquid-compatible nanowire resistors on cantilevers equipped with 

a dry film photoresist passivation. The compatibility of dry film photoresist lithography with 

commercial AFM cantilevers containing sharp scanning tips was furthermore demonstrated, 

without any adverse effects to the probes’ high-resolution scanning abilities.  

The demonstrated functionalities within dry film photoresist lithography opens up a new 

platform towards large-scale manufacturing of microstructures where spin-coating previously 

was inapplicable. For sub-2 μm patterning resolution, thinner dry film photoresists than the 

current 5 μm are however still required. But considering the recent advances at thickness 

reductions of commercial dry film photoresists, improvements toward sub-5 μm dry film 

photoresists might not be too far away.   

The second main topic in this work related to dry film photoresists concerned merging the two 

platforms of microcantilevers and dry film photoresists to create polymeric cantilevers via dry 

film photoresist lithography. The main advantage of this protocol is the lack of the typical bulk 

substrate probe release, as the polymeric cantilevers are formed directly by dry film photoresist 

development. 5 μm thick polymer cantilevers, up to 1000 μm in length with 1:20 aspect ratios 
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and excellent in-plane alignment were achieved. Additionally, a second layer of thermally 

laminated dry film photoresist accomplished additional functional structures on the polymeric 

cantilevers such as dry film photoresist pillars, or passivating layers. Metals could furthermore 

be patterned on the dry film photoresist cantilevers, either by the lift-off technique or by etching, 

but improved protocols are still needed to promote metal adhesion during lift-off. Yet a proof-

of-principle of piezoresistive functionality was achieved with polymeric cantilevers equipped 

with titanium resistors created by lift-off, demonstrating already good deflection sensitivities.  

Finally, micro-ISEs were for the first time created on thin microcantilever probes using 

large-scale microfabrication techniques and electropolymerization of conductive polymer solid-

contacts. The demonstrated ISEs are already sensitive toward target K-ions with near-Nernstian 

responses, and have micromolar LOD capabilities down to 20 μm electrode diameters. A 

smaller, 5 μm diameter ISE was also demonstrated but showed unsatisfactory signal drifts and 

lower target ion sensitivity and LOD compared to 20 μm diameter ISEs. Here a larger sample 

size is required in future to determine if the poor response was size-related, or related for instance 

to substandard solid-contact growth. Such small electrodes would here be particularly desirable 

to realize sub-cellular measurements in future. The micro-ISEs were created both on silicon 

nitride cantilevers with an SU-8 passivation, and on dry film photoresist cantilevers. The dry 

film photoresist cantilevers are however still too thick to outcompete the silicon nitride-based 

probes in terms of stiffness. 

 

Concluding, the three take home messages from this work are: 

1. Modern dry film photoresists are capable materials in the lithography lab, achieving for 

example lithographic patterning of free-standing microstructures where spin-coating 

instead tends to fail. 

2. A method for realizing polymeric microcantilevers was demonstrated using commercial 

dry film photoresists, avoiding completely any bulk-substrate release. 

3. Microfabricated, micro-ISE cantilever probes are easily created by conventional 

photolithography and electropolymerization protocols, while still achieving 

near-Nernstian responses similar to planar and macrosized ISEs. 
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Appendix 

A. Standard Sample Preparation 

Before application of any photoresist, samples were cleaned in acetone and isopropanol, for 

approximately 5 min and 3 min respectively. Substrates not containing any cantilevers were 

additionally ultrasonicated in the solvents. This was followed by dehydration on a hotplate 

between 120 oC to 150 oC for at least 10 min to improve photoresist adhesion. Substrates were 

cooled down to room temperature before photoresist application (see section B).  

B. Photolithography Recipes 

The following recipes are based on 380 μm thick, (100)-Si substrates with a double-side coating 

of 1 μm LPCVD Si3N4 (MicroChemicals GmbH). The recipes are valid when the photoresist is 

applied directly to the substrate, without any intermediate layer.  

All spin-coating durations were 1 min. All soft-bakes and PEBs were performed on a hotplate, 

and immersion development was used in all cases. The standard sample preparation procedure 

(appendix section A) was performed before application of the photoresists.  

B1. Photolithography Recipes - Mask Aligner 

Positive photoresist 

AZ 5214 E - used in positive tone 

1. Spin-coat:  4000 rpm  

2. Soft-bake:  110 oC – 1 min 30 sec 

3. Exposure:  30 sec (power density 4.4 mW cm-2 - broadband illumination) 

4. Development:  AZ 726 MIF, rinse in DI-water 

 

Negative photoresists 

SU-8 2005  

Optional TI-Prime adhesion layer before any SU-8: 

Spin-coat:  5000 rpm 

Bake:   120 oC - 2 min 
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SU-8 2005 application: 

1. Spin-coat:  4000 rpm  

2. Soft-bake:  65 oC - 2 min 

95 oC - 3 min 

3. Exposure:  33 sec (power density 3.1 mW cm-2 - i-line) 

4. PEB:   65 oC - 2 min 

95 oC - 3 min 

5. Development:  MR DEV 600, with IPA rinse 

ADEX - 5 μm, 10 μm, 25 μm 

1. Resist adhesion either by thermal roller lamination or manually on a hotplate: 

a. Thermal roller laminator: Remove the bottom protective liner and adhere ADEX to a 

corner of the sample by pressing with a finger. Use a 1.0 mm thick aluminum carrier 

plate to feed the sample into the thermal roller laminator (SKY-DSB 335R6) set at 65 

oC, and speed 400 mm min-1. Immediately afterwards the sample is placed on a 

hotplate between 50 oC to 55 oC for 5 min. 

b. Manual thermal lamination: Remove the top protective liner and adhere ADEX to a 

corner of the sample by pressing with a finger. Place the sample on a hotplate set at 

68 oC until the ADEX is completely adhered. A cotton swab may be used to aid this 

process along. Immediately afterwards the sample is placed on a hotplate between 

50 oC to 55 oC for 5 min. 

Allow the sample to cool down to room temperature on a stack of tissues before removal 

of the top protective liner. 

2. UV-exposure (i-line) 

a. 5 μm:   50 sec (power density 3.1 mW cm-2 *) 

b. 10 μm:   35 sec (power density 3.9 mW cm-2) 

c. 25 μm:   80 sec (power density 5.5 mW cm-2) 

*Shorter exposure times are possible. However in this work a large degree of resist 

cross-linking was beneficial, especially for the ADEX polymeric cantilevers.  

3. PEB: 

a. 5 μm:   60 oC – 3 h  - polymer cantilevers 

85 oC - 20 min  - ADEX on Si3N4 cantilevers  

90 oC - 15 min  - polymer cantilevers 

95 oC - 10 min  - polymer cantilevers  

b. 10 μm:   85 oC - 20 min 

c. 25 μm:   85 oC - 20 min  

4. Development in cyclohexanone, followed by an IPA rinse.  
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Image reversal photoresist 

AZ 5214 E 

1. Spin-coat:  6000 rpm  

2. Soft-bake:  110 oC - 60 sec 

3. Exposure:  4.5 sec (power density 4.4 mW cm-2 - broadband illumination) 

4. Reversal bake:  120 oC - 60 sec 

5. Flood exposure: 55 sec 

6. Development:  AZ 726 MIF, rinse in DI-water 

 

Combined processes  

Double-layer ADEX structures 

A double-layer of ADEX was used for instance to passivate metal contacts on polymer 

cantilevers in chapters 5.5.4 and 6.1.1, or to create polymer pillars on polymer cantilevers in 

chapter 5.5.5. The first layer of 5 μm ADEX was processed as described above by thermal roller 

lamination. Following a cool down after PEB a second layer of ADEX 5 μm was either manually 

or thermal roller laminated on top of the first ADEX layer, and exposed with the same protocol. 

Immersion in cyclohexanone developed both resist layers simultaneously.  

ADEX cantilever with metal pattering 

The following protocol requires three layers of resist and TARC. This protocol was used to create 

the piezoresistive dry film photoresist cantilevers in chapter 5.5.4. 

1. Layer 1 - ADEX 5 μm 

ADEX 5 μm was adhered to the sample by thermal roller lamination, UV-exposed with 

the cantilever mask in the previous manner, and post-exposure baked at 90 oC for 15 min. 

2. Layer 2 – TARC of type AZ Exp. Aquaristi III 45  

Spin-coating:  4000 rpm  

Soft-bake:  65 oC - 20 sec  

90 oC - 90 sec  

65 oC - 20 sec   

Rehydrate 1 h before proceeding 

3. Layer 3 – positive lift-off resist AZ 701 MIR - 29 CP  

Spin-coating:  2000 rpm  

Soft-bake:  65 oC - 20 sec 

90 oC - 1 min 45 sec  

65 oC - 20 sec   

Rehydrate 2 h before proceeding 

4. Exposure:  3 min (power density 3.1 mW cm-2 - i-line) 

Degas for 10 min before proceeding 
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5. PEB   70 oC - 15 sec 

110 oC - 60 sec 

70 oC - 15 sec  

    Cool down 10 min before proceeding  

6. Development:  AZ 726 MIF, rinse in DI-water 

7. Plasma treatment: 20 sec at 50 sccm CF4 - 3.6∙10-2 mbar (270 mTorr) - 95 W  

(μ-etch, Plasmalab) 

8. Metal deposition: 40 nm Ti by electron-beam assisted thermal evaporation  

(Temescal FC-1800). Deposition rate 0.4 nm s-1 

9. Lift-off:  AZ 100 heated to 40 oC. Simultaneously develops ADEX  

B2. Photolithography Recipes - Direct Laser Writer  

The exposure parameters for ADEX using a Heidelberg Instruments, μPG 101 direct laser writer 

are described below. It used a 4 mm focal length write head (mode II), a laser wavelength of 

375 nm, and an optional filter to reduce the laser intensity to 6 %. 

ADEX 5 um 

Laser power:   90 % of 70 mW - with filter 

Write speed:  5 mm min-1  

ADEX 25 um 

Laser power:   90 % of 12 mW - without filter 

Write speed:  5 mm min-1  

Sample preparation, PEB and resist development as described previously under mask aligner 

UV-exposure. 

C. Etch Protocols 

C1. Dry Etch Protocols 

RIE of Silicon Nitride 

CF4 plasma RIE was used to etch Si3N4 

Flow:     50 sccm CF4  

Pressure:    5.3∙10-2 mbar (40 mTorr) 

Power:    600 W  

Time:    22 min for backside etching of 1 μm Si3N4, or… 

17 min for making cantilevers from Si3N4 membranes  
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C2. Wet Etch Protocols  

Silicon anisotropic etch 

Si was wet etched with Si3N4 as hardmask. Samples of 380 μm thick, (100)-Si with a partial 

double-sided coating of 1 μm LPCVD Si3N4 were immersed in a 20 wt % KOH solution, inside 

an 80 oC water-bath, for approximately 8 h until free-standing Si3N4 membranes formed. A 2:1 

ratio of DI-water to IPA was used, the latter to improve the Si surface quality.  

Small Si-pyramids frequently remained underneath the Si3N4 membranes after etching was 

complete. These pyramids were disadvantageous in terms of reaching large sample yields, as the 

remnant silicon limited the regions where cantilevers could be freely formed. The Si-pyramids 

could not be removed as the pyramid {111}-sidewalls hardly are etched by KOH. The unwanted 

pyramids were likely caused by hydrogen bubbles formed during the etch process acting as local 

etch masks [309]. Further work should seek to eliminate this effect by gas bubbling (e.g. by O2 

as suggested by Campbell et al [309]). Ultrasonification would also be an alternative, but is only 

applicable well before the formation of the fragile, free-standing Si3N4
 membranes begins. 

SiO2 etch in BOE for Si-nanowires 

The native oxide on the silicon nanowires used in this work were removed by a 2 % BOE 

(buffered oxide etch) dip for 30 sec. 

Gold etching 

The backside gold film on commercial Si3N4 cantilevers was removed by immersion in Lugol’s 

solution of KI/I2, in a 10:1:100 weight ratio of KI:I2:H2O. Removal of the 70 nm Au was 

achieved within 10 sec.  

D. Diamond-MPCVD Growth 

Diamond films were grown on substrates applicable with the creation of tipless Si3N4 cantilevers, 

while still equipped with the topside 1 μm thick Si3N4 membrane. Such diamond films realized 

the flat-ended diamond tips on Si3N4 cantilevers seen in chapter 5.4.4. 

The substrates were cleaned and treated prior to diamond-seeding by a 5 min CF4-plasma 

(μ-etch, Plasmalab), at 50 sccm CF4 flow, 4∙10-1 mbar pressure (300 mTorr), and 95 W power.  

The diamond seeding solution was: “Nanoamando”, 5 nm-Bucky Diamond, diluted to 1 % in 

DI-water with 20 % EtOH for improved wetting. From NanoCarbon Research Institute of 

Shinshu University, Japan.  

The seeding solution was spin-coated onto the substrate with the following settings: 

1. 65 rpm  - 1 min 

2. 2000 rpm - 1 min 

3. 4000 rpm - 30 sec 
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An approximately 3.5 μm thick diamond film was grown by MPCVD under the following 

conditions: 

Power:    2400 W 

Temperature:   800 oC 

 Pressure:   ~ 4.7∙10-2 mbar (~35 mTorr) 

Gas flow:   400 sccm H2 with 1.3 % CF4 

Duration:   7 h 30 min 

A hard-mask of 10 nm Ti and 300 nm Al was deposited by electron-beam assisted thermal 

evaporation and lift-off. A photomask for the pillar structures was created from AZ 5214 E in 

image reversal. Metal lift-off was performed in warm NEP. The diamond film was locally etched 

by O2 ICP-RIE with the following settings: 

 ICP power:   700 W 

 RF power:   81 W 

 DC bias:   71 V 

 Pressure:   1.3∙10-2 mbar (10 mTorr) 

 O2 flow:   30 sccm 

 Duration:   22 min 

The metal etch mask was removed in the alkaline developer AZ 726 MIF containing TMAH for 

several hours. Finally Si3N4 cantilevers were formed in the usual manner, equipped with 

diamond pillars as seen in chapter 5.4.4, by using positive tone AZ 5214 E as an etch mask 

during CF4-RIE of the topside Si3N4 film (appendix section C1). 

E. Silicon Nanowire Growth 

Silicon nanowires were grown by the gold-catalyzed VLS mechanism using CVD, using 

4 mm x 15 mm (100)-Si substrates with a 5 nm Au film deposited by electron-beam assisted 

thermal evaporation. n-doped silicon nanowires were grown using the parameters listed below, 

yielding typically nanowire diameters between 150 nm to 200 nm with lengths between 20 μm 

to 30 μm.  

Pressure:   8.7∙10-2 mbar (65 mTorr) 

 Temperature:   555 oC 

Flow SiH4/He*:  100 sccm 

 Flow PH3/He**:  2 sccm 

 Flow H2:   10 sccm 

 Duration:   20 min 

* 2 % SiH4 in He 

** 200 ppm PH3 in He 
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F. Fabrication of Ion-Selective Electrodes 

Part 1. Microfabrication of ISE-compatible chips based on Si3N4 cantilevers 

1. A 380 μm thick, 4″ (100)-Si wafer with a double side coating of 1 μm low-stress, LPCVD 

Si3N4 (MicroChemicals GmbH) was scribed in pieces of sizes 22 mm x 22 mm. Each 

such piece would hold four ISE-compatible chips of sizes 5.1 mm x 5.1 mm. 

2. Si3N4 membranes were created by local CF4-RIE backside etching, and silicon KOH wet 

etching which terminated at the top-side Si3N4 etch stop. Specifically: 

a. AZ 5214 E photoresist was spin-coated at 4000 rpm on the sample front side, 

followed by a 110 oC softbake on a hotplate for 90 sec. 

b. The positive tone recipe for AZ 5214 E was applied on the sample backside. The 

photomask created later 500 μm x 500 μm Si3N4 membranes at the center of each 

ISE chip, as well as the pre-determined breaking lines. 

c. CF4-RIE etching of the sample backside locally removed the Si3N4
 film (section 

C1 for recipe). Remnant photoresist was removed in acetone and isopropanol.  

d. Silicon KOH etching through the whole sample (380 μm Si) formed a Si3N4 

membrane at each ISE chip, as well as the predetermined breaking lines (section 

C2 for recipe). 

3. Metal electrodes were created by thermal evaporation and lift-off. 

a. AZ 5214 E photoresist was applied with the image reversal recipe to form the 

electrodes pattern. 

b. Electron-beam assisted thermal evaporation (Temescal FC-1800) of 5 nm Ti 

adhesion layer and 150 nm Au. 

c. Lift-off in warm (80 oC) NEP. 

4. The passivation was created with the recipe for SU-8 2005. The sample backside was 

gently wiped with an acetone-soaked cotton swab following SU-8 development. This 

produced a cleaner result within the next step of RIE-etching into Si3N4 cantilevers.  

5. Si3N4 cantilevers were created from the Si3N4 membranes by CF4-RIE etching (recipe in 

section C1). Etching was carried out also for planar samples with Ø 900 μm electrodes 

in order to arrive at the same passivation thickness. 

6. The four ISE chips were separated by means of the predetermined breaking lines. Each 

chip was hardbaked on a hotplate, at a 5 oC min-1 temperature ramp, holding at 160 oC 

for 15 min. Finally the hotplate was turned off and the chips allowed to naturally cool to 

room temperature. 

7. A 6 mm x 6 mm x 0.15 mm glass slide of the same size as the ISE chips was applied to 

the chips’ backside by Crystalbond 509. This prevented leakage of liquids through the 

chip center.   
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Note that a 25 mm x 25 mm glass slide was adhered to the sample backside by 

Crystalbond 555 prior to spin-coating, as the sample could not be placed directly on the 

vacuum chuck without damaging the fragile Si3N4 membranes. The glass slide was released 

prior to resist development by shortly placing the sample on a hotplate at 75 oC. 

Part 2. PCB carrier attachment  

1. Appropriately designed carriers were fabricated elsewhere by PCB manufacturing.  

2. The ISE-chips were fixed to the carriers by local application of a two-component silver 

epoxy (EPO-TEK® H20E) at the four metal pads at the chip corners. Accurate chip-

carrier alignment was achieved with a z-axis micromanipulator. Afterwards the samples 

were cured on a hotplate at 150 oC for 8 min. 

3. Metal pins were integrated onto the carriers by soldering. The metal pins provided a 

direct electrical connection to the four electrodes, as well as the optional pseudo-

reference electrodes. 

4. Optional: The same silver epoxy was applied at the area compromising the pseudo-

reference electrodes, and cured at 150 oC for 8 min. 

5. The ISE-chip backside was sealed and passivated with a biocompatible epoxy resin 

(Polytec EP 653), and cured on a hotplate at 150 oC for 5 min. 

6. A glass ring of 4 mm height and 1 mm wall thickness was attached to the carriers using 

the epoxy resin and cured on a hotplate at 150 oC for 5 min.  

Part 3. Chemical functionalization 

A piece of Tygon® polymer tube was attached around the liquid chamber (i.e. outside of the glass 

ring), allowing steps 1-3 below to take place within ample solution volumes.  

1. Optional: Galvanostatic chloridization of pseudo-reference Ag/AgCl electrodes in 

1 M HCl, current density approximately 1.1 mA cm-2, using a platinum-wire counter 

electrode. 

- Larger electrode: 132 µA current for 30 min. 

- Smaller electrode: 96 µA current for 30 min. 

2. Hydrophilic sample treatment in oxygen plasma at 50 mTorr chamber pressure, 80 W 

power, 20 sccm gas flow, for 1-2 minutes (μ-etch, Plasmalab). 

3. Electrode surface cleaning by cyclic voltammetry in 0.5 M H2SO4 from 0.4 V to 1.4 V 

versus an Ag/AgCl electrode pellet. 
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4. PEDOT(PSS) electropolymerization. 

a. Preparation of the solid-contact monomer solution: 

i. The following components were combined: 

- 20 ml deionized water 

- 200 mg PSS-powder (“Poly(styrene sulfonic acid) sodium salt M.W. 

70,000”, from Alfa Aesar) 

- 42.7 µl EDOT solution (“3,4-Ethylenedioxythiophene”, from Sigma 

Aldrich). 

ii. A vortex mixer was first used, before mixing was continued with a 

magnetic stir rod. 

b. The monomer solution was deaerated for at least 1 h, and mixed with a magnetic 

stir rod directly prior to electropolymerization. 

c. Galvanostatic electropolymerization of PEDOT(PSS) at 0.2 mA cm-² current 

density, and a charge density of 300 mC cm-² per 1 µm PEDOT(PSS) thickness. 

A three-electrode setup was used, with a Ag/AgCl reference electrode, platinum-

wire counter electrode, and the ISE as working electrode. 

5. ISM preparation and deposition 

a. 600 µl cyclohexanone-solution was prepared together with a total of 100 mg of 

the following components: 

- Plasticizer: 2-Nitrophyl octyl ether, 67.5 wt % 

- Polymer: Poly(vinyl chloride), 30 wt % 

- Potassium ionophore: Valinomycin, 2 wt % 

- Ion-exchanger: Potassium tetrakis(4-chlorophyl)borate, 0.5 wt %. Often 

abbreviated as KTpClPB. 

b. The components were mixed by a vortex mixer multiple times to avoid 

deposition of non-aqueous particles. 

c. 24 h was waited without stirring until uniform mixing of the components was 

achieved. 

d. The ISM was deposited onto the prepared samples by drop casting. The samples 

were thereafter dried for at least one day prior to conditioning in 0.1 M KCl. 

•  900 μm electrodes: approximately 1.1 μL ISM, drop cast three times. 

Wait around 30 min between each drop casting. 

• 5 μm and 20 μm electrodes: 0.2-0.4 μL ISM, drop cast three times. Wait 

around 30 min between each drop casting. 
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G. Cantilever Calibration Device - Spring Constants 

The specialized cantilever calibration device and measurement principle used for determining 

the spring constants of the dry film photoresist cantilevers (chapter 5.5.3) was also in part 

explained in the supplementary data of the article “Direct polymer microcantilever fabrication 

from free-standing dry film photoresists”, 2020, J. Micromech. Microeng., 30, 095012 [189]. 

All measurements with the cantilever calibration device were performed by O. Dannberg at TU 

Ilmenau. 

The cantilever calibration device consists as explained in chapter 5.5.3 of a 10 μm diameter, 

flat-ended diamond tip acting as the load button of an electromagnetic force compensating 

balance (cf. Figure 5.27(a)). The balance measures the applied force of the cantilever as it is 

moved toward the diamond load button by a piezo stage in 100 nm steps in air (the load button 

does not move), while an interferometer measures the cantilever position at sub-nanometer 

resolution [207]. The measured cantilever deflection and force are then used to determine the 

cantilever spring constant as by equation (5.10). 

Each cantilever was aligned with help of a camera to ensure application of the force only at the 

cantilever’s outmost free-standing end. Each deflection state of the cantilever was held for 

10 sec, with the first 2 seconds required for the force balance to react to the force, and with the 

last 8 seconds used to calculate the mean force (see Figure G.1(a)). Cantilevers were both moved 

downwards toward the load button (load), and moved upwards away from the load button 

(unload), both in 100 nm steps. The force, F at each step was calculated by the following 

equation: 

𝐹 = 𝐵𝑙 ⋅ 𝑖coil 

Where Bl is the force constant of the balance, determined previously with reference weights, and 

icoil is the measured current by the balance (see Figure G.1(a)). A resulting force-distance curve 

for determining the spring constants of the dry film resist cantilevers was shown previously in 

Figure 5.27(b). In order to minimize the random error of the measurement, the calibration cycle 

of load and unload was repeated in a long-term measurement, with the average spring constant 

of each cycle plotted as shown in Figure G.1(b). The mean value of these long-term 

measurements, considering the mean of the load and unload, was used to determine finally the 

spring constants of the cantilevers as reported previously in Table 5.2. 
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Figure G.1. (a) Raw data of the measured current in the force balance while stepping the cantilever in 

100 nm increments. The blue part of the curve (first 2 sec) was not used to evaluate the force, only the 

last 8 sec (red) were considered. (b) Average cantilever stiffness (actually: spring constant) plotted during 

7 hours of continuous load-and-unload cycles.  

 

H. How to Read Boxplots 

Boxplots represent the spread and center of datasets. A boxplot consists of a box and two 

whiskers (Figure H.1), where the whiskers’ endpoints represent the minimum and maximum 

values of the data (assuming no outliers). The size of the box is defined by the so-called first and 

third quartile, while the median of the dataset is represented by a line through the box. The 

median, or second quartile, is the center value of the dataset, with half the values falling either 

above or below it. The first quartile is the median value for all values below the main median 

(i.e. second quartile), while the third quartile is the median value for all values above the main 

median. Figure H.1 is the boxplot representing the Young’s modulus of a NIH-3T3 mouse 

fibroblast cell culture obtained with a dry film photoresist pillar on a silicon nitride cantilever 

(cf. chapter 5.4.4). The minimum and maximum values were approximately 0 kPa and 8.2 kPa, 

the first and third quartile were located at 2 kPa and 4.5 kPa, and the median value was at 3.1 kPa. 
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Figure H.1. Boxplot representing the Young‘s modulus of a NIH-3T3 mouse fibroblast cell culture 

acquired using a Ø 15 μm dry film resist pillar on a silicon nitride cantilever. An explanation of the 

boxplot’s parts is found in the text. 

 

 

I. Additional Data  

Supporting information to the experimental data presented in chapters 5 and 6 are given below, 

ordered after chapter number and section.  

Chapter 5.3: Mechanical Properties and Design Limitations of the Tipless Silicon 

Nitride Cantilevers  

In chapter 5.3, the resonance frequencies of silicon nitride cantilevers with a 5 nm/40 nm, Ti/Au 

backside coating were calculated and simulated by FEM. Mass densities, ρ and Young’s moduli, 

E of the involved materials were obtained from the COMSOL Multiphysics database, unless 

otherwise stated, and are listed in Table I.1. The length, L, width, w, and thickness, t of the three 

individual layers corresponding to the cantilever with resonance frequencies listed previously in 

Table 5.1 are also included.   

  

 

Table I.1. Material properties and geometries of the metal-coated silicon nitride microcantilever with 

resonance frequencies listed previously in Table 5.1. Variables as stated in the text. The thickness, t was 

assumed as by the producer, or metal deposition setting. 

Material E (GPa) ρ (g m
-3

) L (μm) w (μm) t (nm) 

Si3N4 250 3 100 [153] 297.3 97.5 1000 

Ti 116 4 500 297.3 97.5 5 

Au 70 19 300 297.3 97.5 40 
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Chapter 5.5.1: Fabrication Protocol for Single-Layer Dry Film Photoresist 

Cantilevers 

The deflection stability of single-layer, 5 μm thick, 150 μm long, and 50 μm wide dry film 

photoresist cantilevers was monitored regularly over 168 days following resist development and 

an optional hardbake at either 90 oC (HB90) or 120 oC (HB120) or 150 oC, as shown in Figure I.1. 

Some cantilevers were UV flood exposed before the hardbake at 120 oC to improve the resist 

cross-linking density (HB UV120). The time-stability of cantilevers hardbaked at 150 oC was 

shown already in Figure 5.24. 

 

Figure I.1. Deflection stability of dry film photoresist cantilevers, following 168 days of probe release 

and an eventual hardbake at 90 oC or 120 oC, the latter with or without UV flood exposure prior to the 

hardbake. The polymer cantilevers were processed at PEB temperatures of either 60 oC (PEB60) or 90 oC 

(PEB90). The measurement error in each datapoint is ± 2.5 μm. 

 

 

Chapter 6.1.3: Step 3. Chemical Functionalization. Sample pre-treatment prior to 

solid-contact growth 

SU-8 2005 was patterned by photolithography on planar substrates in the exact same manner as 

for other ISE samples, and was afterwards subjected to an O2 plasma for either 1 min or 2 min 

at 50 mTorr pressure, 80 W power, and 20 sccm gas flow rate (μ-etch, Plasmalab).  

The contact angle with respect to 10 μL MilliQ water droplets was measured by the static, sessile 

drop technique over 14 days. Formerly non-wetted, virgin surfaces were used each time. The 

results are shown in Table I.2. 
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Table I.2. Contact angles of O2-treated SU-8 surfaces measured over the course of 14 days by the sessile 

drop technique. Day 1 refers to the measurement directly after O2-etching. The contact angles of SU-8 

before any O2-etching (but after a CF4-RIE and hardbake) were 90-100o. 

Etch duration (min) Day CA (o) 

1 Day 1 20-30 

Day 7 25-35 

Day 14 25-35 

2 Day 1 < 5 

Day 7 10-20 

Day 14 15-20 

 

 

Chapter 6.1.3: Step 3. Chemical Functionalization. Electrochemical growth of 

PEDOT(PSS) solid-contact 

The PEDOT(PSS) solid-contact on 20 μm diameter silicon nitride cantilevers was analysed by 

Raman spectroscopy (by Felix Matzik, Institute of Electrochemistry, Ulm University). A red 

laser with 633 nm wavelength was used, at 0.1 % of 17 W power, and a 50 sec data acquisition 

time. The analysis confirmed the presence of PEDOT(PSS)[310, 311], and furthermore showed 

no undergrowth underneath the SU-8 passivation in this case. The results are shown in Figure I.2. 

 

Figure I.2. (a) Raman spectrum obtained at a single location on the PEDOT(PSS) solid-contact. All peaks 

besides at 1496 cm-1 were traced back to PEDOT(PSS). (b) Raman mapping of the area inside the dotted 

square, including the 20 μm diameter solid-contact on a silicon nitride cantilever. The bright parts outside 

of the mapped area are gold, with the cantilever actually broken off and laying orthogonally on top of 

another cantilever. A Raman signal was only obtained within the bright green circle within in the mapped 

area, i.e. the electrode area and nowhere else. This indicates no undergrowth took place on this electrode. 

Scale bar 20 μm. 
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Chapter 6.3.1: The Potassium-Ion Response of Microfabricated ISEs. Potassium-

ion response: 900 μm diameter ISEs on planar substrates  

The OCV data-acquisition was paused during the potential-time measurement of the 900 μm 

diameter ISE shown in cf. Figure 6.7(a). Figure I.3 demonstrates the ISE’s potential response 

during the paused intervals not to be relevant for the K-ion sensitivity analysis. Here, KCl 

concentrations between 10-7 M and 10-1 M were cycled up and down twice, in increments of 10x 

increase or decrease in molar strength respectively. During the first round, the recording was 

paused during the manual solutions exchange, while the OCV recording was left on during the 

second cycle. The potential stabilized in both cases once solutions exchange was completed, and 

the same potential response could be extracted within a small expected deviation. The paused 

measurements were therefore preferred as they were less noisy, but still valid for further data 

analysis.  

 

Figure I.3. OCV measurements on a planar, Ø 900 μm ISE. KCl concentrations between 10-7 M and 

10-1 M were used, as indicated. The same potentials were reached both when the data-acquisition was 

paused during solutions exchange (left side), as when the potential recording was left on during solutions 

exchange (right side). 

 

 

Chapter 6.4: Conclusion and Final Remarks on Microfabricated ISEs  

Figure I.4 compares the potential responses within two, 20 μm diameter ISEs on silicon nitride 

cantilevers. Both samples were measured by the self-built device for potentiometry. KCl 

solutions were exchanged manually for sample 1, while sample 2 used the automatic syringe 

pump system for the solutions exchange. Only results from sample 2, electrode 3 (“el3”) were 

referred to in chapter 6.3.1, as the stability of having a continuous flow of fresh solution enabled 

in this case the water layer test. However, the four electrodes on sample 2 exhibit different 
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potential responses upon the appearance of a new KCl concentration, with three of four 

electrodes showing unwanted signals drifts and low sensitivity. The electrodes on sample 1 on 

the other hand show excellent reproducibility and stable responses, even though both sample 1 

and sample 2 were processed within the exact same protocol.  

 

Figure I.4. Two different samples, (a) sample 1 and (b) sample 2, with same the 20 μm ISE configuration 

on silicon nitride cantilevers. Sample 1 shows excellent reproducibility between the ISEs and stable 

signals (but with noise due to manual solutions exchange), while only one electrode (el3) on sample 1 

was good. Note that potentials in (a) are shifted + 250 mV relative to each other. That is, el2 is at 

+250 mV, el3 is at +500 mV and el4 is at +750 mV relative to el1. For sample 2, the curves of el2 and 

el3 were shifted -50 mV and + 50 mV, respectively with respect to each other. 
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