
 

 
  



 

 

AN ABSTRACT OF THE THESIS OF 

Christopher J. Durgan for the degree of Master of Science in Chemical Engineering presented on 

November 22, 2013.  

Title: Solution-Based Deposition of Functional Thin Films: Development of a Glucose Biosensor 

and Thermal Processing of CZTS Nanoparticle Films 

 

Abstract approved:  

 

Gregory S. Herman 

 

 The development of solution-based methods for deposition of different thin film material is 

presented as an alternative to high cost vacuum-based methods. For certain materials, vacuum 

techniques are unsuitable for processing. Additionally, vacuum-based processes present high capital 

costs associated with equipment, and slow processing times. Atmospheric pressure solution based 

techniques are attractive and lend themselves to high-throughput processing using methods such as 

graphic patterning or roll-to-roll processing. This research details the development of solution-based 

outer layers for a continuous glucose biosensor. The biosensor is based on a biological ink deposited by 

electrohydrodynamic printing (EHDP), encapsulated by a biocompatible permselective membrane which 

enhances the sensor function and working lifetime. EHDP is a noncontact patterning method where ink 

is deposited by the application of high electric fields to a conductive microcapillary, resulting in the 

jetting of ionized ink droplets with precise placement. This research also examines the processing 

window of radiant arc plasma pulsed thermal processing (PTP) on thin films of copper zinc tin sulfide 

(CZTS) nanoparticles. CZTS is an attractive solar absorbing material for low cost thin film solar cells. CZTS 

has a near-optimal band gap of 1.5 eV and a high absorption coefficient. In this study, CZTS 



 

 
nanoparticles are synthesized using a continuous flow reactor, and deposited by spin-coating on 

substrates for PTP. The effects of PTP on film morphology and crystalline phase are investigated using 

scanning electon microscopy (SEM), X-ray diffraction (XRD), and Raman spectroscopy.  
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Chapter 1: Development of an Amperometric Continuous Glucose Sensor 

Introduction 
 

 Advances in accurate sensing of blood glucose concentrations have contributed to easier control 

of diabetes in patients. Type 1 diabetes is a pancreatic and endocrine disease in which blood glucose is 

uncontrolled or poorly controlled due to lack of production, or lack of response to the hormone insulin. 

Insulin activates metabolic pathways to convert freely available blood glucose into glycogen for long-

term storage by the body. There is no known cure for Type 1 diabetes; the disease is currently best 

controlled by the use of insulin injections to control blood glucose levels. In addition to many long-term 

complications possible in diabetic patients, risk for hyper- or hypoglycemia is very dependent on the 

quality of blood glucose sensing and control[1].  

 A great deal of research has been focused on the development of a so-called "artificial 

pancreas" which would continuously sense concentrations of important molecules in the blood, such as 

glucose, and would then supply the body with necessary hormones, such as insulin, to appropriately 

control these concentrations[1]–[3]. The major advantage of such a system is that the patient would not 

be required to monitor glucose levels, or to administer insulin injections. Such a system would help to 

prevent accidental hyper- or hypoglycemic events, and could greatly contribute to overall patient 

quality-of-life.  

 Integral to an efficient artificial pancreas is accurate and precise continuous glucose sensing. 

Such a device would need to measure glucose concentrations over the wide concentration range 

possible in diabetic patients, and would need to be very precise in order to minimize the risk of false 
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alarm readings. Other desirable characteristics are long working lifetime, to minimize the inconvenience 

of replacing the implantable device, and low cost to facilitate widespread usage. Pacific Diabetes 

Technology, a startup company in Portland, OR, in collaboration with Oregon State University, is 

undertaking the task of developing such a device, beginning with a continuous glucose sensor. PDT's 

proposed design integrates the glucose sensor on a flexible substrate with an insulin delivery catheter, 

similar to the catheter on a common insulin pump. This design minimizes inconvenience to the patient 

by only requiring the replacement of one implantable catheter, while keeping cost low by integrating 

two functions into one piece of equipment. A combined continuous glucose sensor and insulin pump is 

an important step toward development of an artificial pancreas for treatment of a wide range of 

endocrine disorders. 

 The PDT sensor design is based on a system which utilizes glucose oxidase enzyme (GOx) to 

convert oxygen and glucose to hydrogen peroxide for efficient amperometric sensing. The sensor design 

features a series of platinum working electrodes, which will be covered in a thin film of GOx which is 

patterned directly onto the electrode using a high-resolution electrohydrodynamic printer (EHDP). The 

sensor also integrates a silver/silver chloride reference so that precise voltages can be applied to each 

working electrode. To ensure linearity over the sensor's working range, and to improve durability, the 

entire device is covered with a polymeric permselective membrane, which limits the glucose diffusion 

rate to the GOx layer compared to oxygen. These devices are created by microfabrication methods 

beginning with a thin, flexible polyimide substrate. This study details the development of the GOx and 

permselective membrane layers, as well as the development of the EHDP for patterning of the GOx 

layer.  
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Literature Review 

Glucose Sensing 

 Effective control of blood glucose levels in patients with Type 1 diabetes is essential to patient 

quality of life. Clinical glucose monitoring is much more effective than relying on patients to control 

glucose levels through diet and self-monitoring (i.e. attempting to control hypo- or hyperglycemic 

episodes without insulin), if properly implemented[1]. To this end, a wide variety of sensing devices 

have been developed, optimized and commercialized. The majority of commercially available glucose 

sensing devices, usable by patients, are based on an electrochemical sensing, due to the high precision 

of these devices, and the low cost for mass production[3]. This review will focus on commonly utilized 

methods for at-home blood glucose sensing, including single-test and continuous glucose sensors.  

While glucose can be directly oxidized, the solvents required for such a reaction are infeasible 

for home glucose monitoring. To oxidize glucose in-situ, the enzyme glucose oxidase (GOx) is commonly 

used. GOx is an enzyme often isolated from Aspergillus niger [4].  GOx offers highly specific enzymatic 

catalysis of the oxidation of glucose with oxygen to produce gluconolactone and hydrogen peroxide: 

Glucose + O2 → Gluconolactone + H2O2 

 The oxidation of glucose is facilitated by the reduction of a bound flaven adenine dinucleotide 

(FAD) cofactor, an enzyme subunit[5], to FAD-H2. The reduced FAD-H2 is then reoxidized by O2 to FAD 

and is available to repeat the reaction. In the majority of available home glucose assays, the oxygen is 

replaced with a different chemical as a redox mediator such as the ferricyanide ion[3]. This is done to 

ensure that sensor operation is not limited by available oxygen. In these cases, the net charge of the 

sensing volume can be used to quantify glucose concentration by coulometry.  
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 Glucose oxidase is often cross-linked to stabilize the enzyme on the sensor. A commonly used 

reagent for cross-linking is glutaraldehyde, which acts on primary amine groups on amino acids such as 

lysine. The cross-linking can occur in the same protein, or from one protein to another. To further 

stabilize the glucose oxidase and enhance cross-linking, the lysine-rich protein bovine serum albumin 

can be incorporated into the enzyme solution [6]. Glucose oxidase can be inhibited by cross-linking,  so 

the concentration ratios of glutaraldehyde and enzyme should be optimized [7]. 

 Amperometric sensing of glucose depends on oxidation of the hydrogen peroxide (which is 

formed through the oxidation of glucose) on the anode of an electrochemical cell. This process provides 

electrons and generates a current. The working electrode of the circuit is polarized to a specified voltage 

above a reference electrode to drive the electrooxidation of H2O2. In some cases, the reference 

electrode can be combined with the counter electrode and still offer a stable reference potential. In 

most amperometric sensors, the current in a two- or three-electrode electrochemical cell is proportional 

to the concentration of the species which is providing electrons to the circuit. However in an 

amperometric glucose sensor, the current is actually proportional to the concentration of hydrogen 

peroxide, which is produced as a product of the oxidation of glucose. While the glucose concentration is 

actually one reaction step removed from the current in the sensor, the current is still directly 

proportional to the glucose concentration in the solution.  

Discrete Glucose Sensing 

 Home glucose assays of this type feature a working electrode and combination 

reference/counter electrode in a small capillary, with a volume around 1 microliter. The GOx and redox 

mediator are immobilized in this channel, along with any other additives to help stabilize the enzyme, 

such as buffer salts or bovine serum albumin. To minimize costs, the working electrode is typically 
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screen-printed carbon or a thin film of gold, platinum, or some other inert metal. Reference electrodes 

are typically screen-printed silver/silver chloride, or the same material as the working electrode[3]. 

Sensors of this type are mass-produced for single-use, discrete blood glucose sensing [3].  

Continuous Glucose Sensing 

 As an alternative to discrete glucose sensing, continuous glucose sensing offers advantages to 

some diabetic patients who respond poorly to discrete sensing and require tighter glucose control. 

These are patients who are prone to hypo- or hyper-glycemic events at a narrower range of glucose 

levels, patients who have difficulty noticing the early warning signs of such events, or patients whose 

quality of life is compromised due to fear of such events, especially at night when it can be a long time 

between discrete monitoring events [1]. While continuous glucose sensing has been used in hospitals 

for years, such sensors are only recently becoming available for home use.  A multitude of studies, 

reviewed by De Block et al [1], have concluded that in some certain patient populations, continuous 

glucose monitoring provides significantly better glycemic control over a long period of time.  

 Continuous glucose sensors work by similar methods as single-use sensors – they feature 

immobilized enzyme on a working electrode, and a counter/reference electrode [1]. The sensor is 

fabricated on a small-diameter catheter [8] or probe [9], [10] which is inserted under the skin into the 

interstitial fluid (the fluid between the cells) rather than working directly in the bloodstream. Because 

the sensors are left in contact with the body for an extended period of time, a polymeric membrane 

coats the working and reference electrodes to protect the sensor from being affected by the 

surrounding tissue. This membrane also serves to limit the amount of glucose which diffuses to the 

working electrode; this mass-transfer limitation prevents the enzyme and electrodes from saturating, 
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ensuring a stable relationship between glucose concentration and current over the concentration range 

of clinical interest. 

 Additionally, studies have shown that the glucose concentrations in interstitial fluid and blood 

track closely, allowing precise glucose monitoring via interstitial fluid[11]. Interstitial fluid is much easier 

to access than the circulatory system, making it easier for a patient to wear a sensor device and 

transmitter for several days. 

 Transcutaneous implantable sensors are able to be inserted for 3-7 days before several factors 

necessitate replacement [2]. The sensor surface can become fouled with adhered proteins or bacteria, 

which limit diffusion of glucose and oxygen to the working electrodes. These adhered species can also 

cause local inflammation. It is also possible that the GOx on the working electrode can lose efficacy over 

time, reducing accuracy of the sensor. However, proper immobilization and protection of the enzyme 

can extend working life of the sensor significantly [7], [9], [10].  

 Oxygen concentrations in interstitial fluid are much lower than relevant glucose concentrations 

(approximately 0.1 mM for oxygen, and 2-30 mM for glucose). In devices which use oxygen as an 

oxidizing agent for the GOx-bound FAD, this leads to a significant limitation in the reaction rate when 

the enzymatic reaction is oxygen-limited. When this occurs, the sensor output plateaus at moderate 

glucose concentration and is insensitive to higher concentrations. To compensate for this, a polymeric 

permselective membrane can limit diffusion of glucose to the enzyme layer while allowing high amounts 

of oxygen to diffuse through.  Figure 1 shows a schematic of a permselective membrane over an enzyme 

layer. This process allows the sensor to respond linearly to glucose concentration over a much wider 

glucose concentration. Biocompatible polymers such as perfluorosulfonic acid (PFSA, or Nafion)[9], [12] 

or polyurethane and polyurethane blends [8] have been used in this application. More experimental 
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permselective membranes include biomimetic phospholipid-like double-layered membranes [13], [14] 

or cellulose acetate [15]. The use of sulfonated poly (ether-ether-ketone) (SPEEK) as a permselective 

membrane material has not been reported in the literature.  

 

Figure 1: A schematic representation of a multi-layered GOx-based glucose sensor with a permselective outer membrane. 
WE = working electrode, RE = reference electrode. Figure adapted from [16]. 

Continuous Glucose Sensors 

 Continuous glucose sensors have been made using a wide variety of substrates, electrodes, and 

enzyme deposition techniques. Commonly, continuous glucose sensors are based on either a planar 

substrate or a metal wire. Not all sensors are designed for implantable applications – some are meant to 

monitor glucose in other biological solutions such as bacterial growth media [17]. 

 Harrison et al fabricated a glucose sensor based on a platinum wire, which were dip-coated in a 

solution containing GOx, BSA and glutaraldehyde to form an active enzyme layer on the wire [9]. The 
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enzyme layer was protected with a dip-coated PFSA membrane, which was fabricated by repeated dip-

coating. Increasing thickness of PFSA up to 830 nm resulted in linear glucose measurements in whole 

blood [9]. Yu et al designed a wire-type sensor with an integrated Ag/AgCl reference electrode wire, 

which was successfully tested in rats for a period of up to 56 days, where 8 of 9 sensors survived for 10 

days. This sensor featured a coiled platinum wire with a cotton support in the center of the coil, which 

stores excess GOx, BSA, and glutaraldehyde in solution. The sensor was coated with an 

epoxy/polyurethane outer membrane [10]. Harris et al demonstrated a glucose sensor using GOx 

dispersed in a silica paste, which was applied to a platinum wire. This silica-stabilized GOx was coated 

with a polyurethane membrane. The pH of the silica gel solution was shown to affect glucose diffusion 

through the silica matrix [18]. Endo demonstrated another sensor with integrated Ag/AgCl, using a paste 

to apply the reference electrode to an insulated part of a Pt wire, and connecting to the reference 

electrode with a copper wire. At the tip of the Pt wire, PFSA was used as an inner membrane between 

GOx and Pt. GOx crosslinked in place with BSA and glutaraldehyde vapor and was left exposed, but the 

inner membrane allowed H2O2 diffusion while preventing interference from any other oxidizing species. 

The sensor was implanted in flatfish  and provided continuous glucose monitoring in anesthetized 

animals [19]. Wire-type glucose sensors are fabricated using simple methods and relatively cheap 

substrates, but lack the capability to deliver medication such as insulin using the same device.  

  Alternative methods for fixing enzyme to an electrode surface have been previously studied. 

Asav et al used cysteamine and tetrathiafulvanate to promote a self-assembled-monolayer type 

formation of a dual-enzyme ethanol and glucose sensor on a gold electrode[20]. Chu et al applied a layer 

of ZnO and ZnO:NiO nanorods to a platinum electrode surface. The nanorod layer supported a 

subsequent layer of GOx and formed a glucose sensor [21]. A similar nano-based support was utilized by 

Yan et al, who used layer-by-layer solution-based deposition of multi-walled carbon nanotubes to form a 
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support for GOx on an Au electrode on a flexible polyethylene teraphthalate (PET) substrate. Optimal 

sensor performance, with uniform coverage of GOx and sufficient conductivity of the enzyme layer, was 

obtained using 3 layers of CNTs followed by 3 layers of GOx [22]. Fang et al used an organic acid catalyst 

to form covalent bonds between GOx and an indium tin oxide electrode and demonstrated a glucose 

sensor with a single monolayer of GOx [23]. Kohma modified a carbon fiber electrode with electroplated 

ruthenium and GOx. Ruthenium enhanced the rate of H2O2 oxidation on the electrode surface, while 

increasing selectivity against ascorbic acid and uric acid [24]. Many of these methods require the use of 

exotic or fragile reagents or substrates and are not suitable for the manufacturable applications 

envisioned by PDT. Additionally, none of these methods make use of a permselective membrane which 

is necessary for biocompatibility in an implantable device. 

Flexible Glucose Sensors 

 A number of glucose sensor devices have been fabricated on flexible polymer substrates and 

reported in the literature. Polymer substrates are inexpensive, and no high-temperature processes are 

required for the fabrication of a glucose sensor. Extremely thin polymer substrates also enable 

modification of the shape of the sensor into a rolled tube or catheter, such as with PDT’s design. Kudo et 

al constructed a simple sensor on a 350 micron thick polydimethylsiloxane (PDMS) substrate, with 

platinum working electrode and Ag/AgCl counter/reference electrode. The electrodes were coated in a 

methacrylate copolymer, upon which GOx was immobilized in a thin film of the same copolymer [14]. 

This work was continued and sensors fixed to PDMS contact lenses were successfully tested in rabbits 

[25]. Chuang et al fabricated a screen-printed carbon black electrode, coated with GOx and then a PFSA 

outer membrane on a PET substrate. The sensor was evaluated both in a flat and tightly-bent 

arrangement to quantify the effect of bending on sensor output [12], and it was found that upon 

bending, current response to glucose concentration was enhanced. It was hypothesized that the 
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mechanical bending improved either the enzymatic reaction rate, or transport of peroxide to the 

electrode surface [12]. Li et al used a polyimide substrate to fabricate a spirally rolled flow-through 

catheter for implantation in blood vessels, with glucose sensing electrodes on the inner surface. The 

effects of temperature and different bending radii were evaluated. The sensor featured gold working 

and counter electrodes with a Ag/AgCl reference electrode, all coated in screen-printed with GOx and 

conductive polyacrylamide, with a polyurethane outer membrane [8]. Several of these devices, 

particularly those fabricated by Li on polyimide substrates, are similar in principle to the design in this 

study. The distinguishing design element of the device in this study is the focus on the use of the glucose 

sensor as an insulin delivery device, rather than simply a passive sensor.  

Electrohydrodynamic Printing 

 The effects of fluid surfaces and droplets subjected to strong electric fields was described by 

Taylor [26], where several distinct behaviors were observed for different fluids. It was determined 

experimentally that droplets of fluids could be held in a stable electric field and the meniscus made to 

deform from a hemispherical shape to a sharply pointed cone[26]. Under even higher potentials, the 

cone can eject fluid from the surface, in a mode described as electrospray or electrohydrodynamic jet 

(E-jet). The transition between jetting modes is described in detail by Jaworek[27]. This review focuses 

on the use of the cone-jet mode to produce high-resolution printed patterns.  

 The formation of a Taylor cone is caused by combination of forces from the electric field acting 

on ions in the liquid, and surface tension of the fluid holding its shape. Under an electric field, ions in the 

liquid will migrate to the liquid surface. This high local ion concentration causes Coulombic repulsion 

between neighboring ions, and the liquid meniscus deforms to relieve the stress by increasing the 

surface area. When the electric field reaches a critical magnitude, known as the Rayleigh limit, the 
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electrostatic repulsion between ions will overcome the liquid’s surface tension and result in drops being 

ejected from the surface,  towards the grounded electrode[28].  

 In an electrohydrodynamic printer (EHDP), a large electric field is generated by applying a high 

positive voltage to a conductive needle held close to a grounded substrate. The liquid ink is forced 

through the needle, such that the meniscus hangs at the tip of the needle without beading up or 

dripping. At the tip of the needle, the electric field causes the liquid meniscus to deform into a Taylor 

cone and eject droplets onto the substrate. The conductive needle helps to enhance the electric field 

vertically between the needle and the substrate. The smaller the needle diameter, the higher the local 

electric field and the better control over the jetted droplet size [28].  

 This liquid ejection broadly takes one of two forms – a single jet from the tip of the Taylor cone, 

or a more disperse spray of smaller drops. These two modes are known as electrohydrodynamic jet (E-

jet) or electrospray, respectively[27], [28]. Electrospray results from instability of the Taylor cone at very 

high electric fields, and has been used in a variety of applications for uniform generation of small 

droplets or aerosols, and for subsequent directed deposition of those droplets to a surface[29]. The E-jet 

mode occurs at slightly lower electric fields, and is more controllable if the stability of the Taylor cone is 

preserved. Therefore, for high-resolution digital patterning, the E-jet mode is used.  

 To control the E-jet process even more precisely, parameters can be optimized to yield a 

continuous jet mode or a pulsing jet mode. In the continuous jet mode, the surface tension and 

electrostatic forces are in stable equilibrium to produce a constant jet of printed ink. This requires 

extremely precise control of the electric field and flow parameters of the system, and the equilibrium is 

easily disrupted. In the pulsing jet mode, a jet of ink ejects from the Taylor cone, reducing the volume 

and surface charge of the ink at the tip of the needle. It falls back into a hemisphere, and volume and 
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surface charge build up again before the Taylor cone reforms and the process repeats[28]. This mode 

can be achieved with a lower constant voltage than the continuous jet mode, or by applying a pulsed 

waveform, such as a square wave, to the applied voltage. Figure 2 shows microscope images of the 

various stages of Taylor cones in pulsed and continuous jet modes. 

 

Figure 2: Images showing the development of the Taylor cone and e-jet in pulsing jet mode, and Taylor cone in continuous jet 
mode (bottom right). Figure reproduced from [28] 

 A proportionality describing the frequency of jetting at a constant applied voltage was proposed 

by Choi [30]. The frequency f depends on fluid surface tension  , density  , applied electric field E , 

and the diameter of the printing needle Nd , as shown in Equation (1). 0 is the permittivity of free 

space.   

1 3
3 4 2
0

32
4

N
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                                                                         (1) 
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 To enhance control over the jetting frequency, a square wave applied to the printing voltage can 

approximate a drop-on-demand printing mode. Kim experimentally observed printing at various applied 

frequency, then proposed an equation describing the characteristic frequency of reforming the Taylor 

cone after droplet ejection[31]. This relationship, shown in Equation (2), gives the maximum effective 

applied frequency which will generate a droplet at every pulse cf , which is a function of fluid viscosity 

 , density  , surface tension  , and needle diameter Nd .  
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f
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                                                                              (2) 

 EHDP has been used to pattern a wide variety of ink materials for many applications, primarily in 

microdevices [28], [32]–[34]. The printed droplet size is highly dependent on the printing needle 

diameter, where printed features can range from hundreds of nanometers to one hundred microns 

[28][31].  

Direct Graphic Patterning of Biological Inks 

 A large variety of biological molecules have been deposited by direct patterning techniques. 

Techniques such as inkjet printing and e-jet printing are referred to as direct graphic patterning because 

a photolithographic mask layer is not used to define the area of the film – instead, the film material is 

digitally applied to the substrate precisely in the desired areas. In general, inks used in these deposition 

methods are water-based, and contain a biological component (e.g. enzyme, cells, or DNA). Inks often 

contain a stabilizing agent (such as phosphate buffer salts) to prevent damage to the biological 

components and enhance pattern definition (such as glycerol), or a surfactant to allow the ink the 

spread evenly on the substrate.  
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 Inkjet printing has been used to deposit the active enzyme layer for a variety of glucose sensors. 

Arrabito et al used a piezoelectric inkjet printer to deposit glucose oxidase on a glutaraldehyde-

functionalized SiO2 substrate, and studied the effect of jetting voltage and glycerol content on the 

activity of the printed enzyme. Increasing glycerol content to 50% v/v gave the highest resolution 

printed patterns. They found that higher jetting voltages and longer voltage pulses, as well as higher 

glycerol content, reduced activity of the enzyme. It was hypothesized that this is due to high shear rates 

causing the enzyme to become denatured, while more moderate printing conditions do not damage the 

enzyme as much[35]. Cook et al performed similar experiments, varying jetting voltage and pulse length, 

while printing with no glycerol. Cook attempted to identify the nature of enzyme damage cause by 

piezoelectric inkjet printing by measuring hydrodynamic radius, molecular weight, and circular dichroism 

to identify changes in the secondary structures of the enzyme (structures such as α-helices in the 

peptide chain) and found essentially no structural changes comparing jetted to control GOx. This was 

despite a 30% reduction in GOx activity (measured by Amplex Red assay) after jetting at high 

voltage[36]. Cook et al fabricated a glucose sensor using GOx deposited on a carbon black electrode by a 

piezoelectric inkjet printer. Wang deposited a GOx ink containing 5% v/v glycerol with PBS and 

TritonX100 surfactant, and found minimal decrease in enzyme activity due to inkjet printing  

parameters[36]. Setti et al used a thermal inkjet printer to create a biosensor on two different 

substrates, one on a PEDOT/PSS conductive polymer over indium tin oxide (ITO), and one directly on 

ITO. The glucose oxidase layer was then stabilized by coating in a cellulose acetate membrane.  It was 

found that the conductive polymer substrate enhanced the sensors response to glucose compared to 

the bare ITO substrate by enhancing electron transfer from oxidized H2O2[37]. Yun fabricated a similar 

sensor, mixing GOx and horseradish peroxidase (HRP) directly into the PEDOT/PSS polymer solution, and 

printing via a piezoelectric printer on an ITO substrate[15]. 
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 EHDP methods have been used to deposit biological thin films, however a glucose biosensor 

using EHDP has not been reported in the literature. Kim et al used an EHDP method to pattern an ink 

containing live E. coli bacteria with PBS and ethylene glycol.  Printing results showed an optimal ink 

composition for printing and viability of printed E. coli as 40% v/v of ethylene glycol with 10mM PBS[38]. 

Increasing PBS concentration gave highly nonuniform droplet deposition. Shigeta et al patterned 

multiple proteins in high resolution arrays with an EHDP, with droplet sizes of approximately 3.5 

microns. Proteins were labeled with fluorescent molecules for detection, and were printed from an ink 

with 75mM of PBS, 40% v/v glycerol and 0.05% Tween20 surfactant, shown in Figure 3 [39]. Such 

microarrays could be used in a wide variety of sensing applications. Park printed arrays of DNA, labeled 

with fluorescent antibodies and gold nanoparticles, using an EHDP. The ink was composed of 75 – 

100mM PBS and 10% v/v glycerol, and droplets were approximately 3 microns in diameter[40].  

 

Figure 3: (a-d) Protein microarray with 3 different fluorescently labeled proteins, and a composite image illuminating all 
proteins together. (e) Individual droplets of each fluorescently labeled protein. Figure reproduced from [39] 

Permselective Polymer Membranes 

Sulfonated Poly (Ether-Ether-Ketone) 

 Poly (ether-ether-ketone) (PEEK) is an extremely stable polymer with favorable mechanical and 

thermal properties for a wide variety of demanding applications, from medical implants to machined 

parts . These properties also made PEEK a good candidate material for vapor-separation or direct 

methanol fuel cell membranes, with modifications to enhance wettability and permselectivity [41], [42]. 
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To modify these two properties, sulfonation is a commonly used technique, to introduce hydrophilic 

residues to an otherwise hydrophobic polymer chain[43]. The product of this reaction is called 

sulfonated PEEK, or SPEEK. The majority of literature on SPEEK focuses on its applications as a proton 

exchange membrane for direct methanol fuel cells, and examine properties such as methanol transport 

and proton conductivity. In this study, we are primarily concerned with transport of glucose and oxygen, 

as well as other organic molecules which interact with the glucose sensor electrodes.  

 In the sulfonation reaction for polymers, sulfuric acid reacts with a hydrogen-substituted carbon 

on the polymer chain. The sulfuric acid group reacts via an electrophilic substitution and generates a 

carbon-bound sulfonic acid and a water molecule [43]. Two reagents are commonly used for sulfonation 

of polymers – concentrated sulfuric acid or chlorosulfuric acid. However, chlorosulfuric acid can cause 

undesired side reactions and is less commonly used [43]. The reaction equation using sulfuric acid is 

shown below: 

R-H + H2SO4 → R-HSO3 + H2O 

 For the sulfonation of PEEK, two methods may be used to dissolve the polymer prior to 

reaction. PEEK is an extremely insoluble polymer and may be dissolved directly into concentrated 

sulfuric acid for the reaction, and during this process the polymer reacts with sulfuric acid. Alternatively, 

PEEK may be first dissolved in methanesulfonic acid; in this case all of the polymer is immediately 

available for reaction. These reaction methods are referred to heterogeneous and homogeneous 

reaction, respectively[44]. Homogeneous reactions reach high degrees of substitution faster, and the 

product has better mechanical and chemical properties, at least for direct methanol fuel cells, than 

heterogeneously reacted SPEEK. These differences are likely due to the heterogeneous reaction 
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producing  large copolymer blocks of PEEK and SPEEK, while the homogeneous reaction produces a 

uniformly sulfonated SPEEK polymer[44].  

 The structures of PEEK and SPEEK are shown in Figure 4, from [42]. Carbons on the 

aromatic rings are numbered to help identify the location of possible sulfonic acid substitutions. 

 

Figure 4: Structure of PEEK (left) and SPEEK (right) subunits. Figure reproduced from [42] 

Substitution with the sulfonic acid group preferentially occurs at the 9, 10, 12 or 13 sites, due to higher 

electron density on the leftmost aromatic ring compared to the other two. The carboxyl group of the 

carbon labeled 1 attracts electron density away from the two neighboring rings. This reduced electron 

density around the two neighboring aromatic rings increases the activation energy for the sulfonate to 

react at these sites [43]. However, at already high degrees of sulfonation, or for long reaction times at 

high temperature, substitution can also occur on the two neighboring rings.  

 The reaction of sulfuric acid with the unsubstituted polymer has been shown to be first order in 

PEEK and sulfuric acid [43]. Usual reaction conditions are in batch mode, so the initial concentration of 

acid must be very high to ensure high conversion. Contamination from water, either as a product of the 

reaction or from the atmosphere, can limit the reaction rate and the overall conversion of PEEK to 

SPEEK[43]. To maximize reaction rate, the reaction can be done in a dry atmospheric enclosure to 

minimize water infiltration. 
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 The degree of sulfonation of SPEEK is defined as the ratio of sulfonic acid substitutions at the 

primary substitution site (as shown in Figure 4) to total primary substitution sites. This ratio can be 

determined by two different methods – by neutralization and back titration [41], [43], and by nuclear 

magnetic resonance (NMR) spectroscopy[41], [42], [45]. In the neutralization method, SPEEK polymer is 

stirred in a solution of NaOH. The sodium ion reacts with the sulfonic acid site, again by an electrophilic 

substitution, and releases a proton, which is then neutralized by the excess hydroxide in solution [43].  

PEEK-HSO3 + NaOH → PEEK-NaSO3 + H2O 

After filtering the solid polymer out of the solution, the remaining base is titrated back to neutral using 

dilute strong acid. This procedure directly measures the ion exchange capacity (IEC) of the polymer, 

which is proportional to the degree of sulfonation (DS) since the ion exchange sites are the sulfonic acid 

sites [43]. The calculations shown below from [43] show the determination of IEC and DS by back-

titration with sulfuric acid: 

 
2 4

( ) 2( )SPEEK H NaOH H SON MV MV                                                       (3) 

 ( / )*1000( / )SPEEK H sampleIEC N W meq g                                                (4) 

where SPEEK HN  is the number of moles of sulfonic acid groups in the polymer sample, M and V are the 

molar concentration and volume of acid and base, and 
sampleW is the mass of the polymer sample. 

Because the sulfonic acid group has a single proton, moles directly convert to ionic equivalents. IEC is 

given in units of milliequivalents per gram by convention. To convert this IEC to the DS, the molecular 

weights of the unsubstituted PEEK and sodium-substituted SPEEK-Na subunits (not the complete 

polymers) are used. Doing this calculation with SPEEK HN  instead of SPEEK NaN   yields the same result. 
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 Determination of the DS can also be done with NMR, by considering the relative height of peaks 

associated with the hydrogen nearest the sulfonic acid substitution with other stable peaks. The 

signature of this hydrogen (position 10’ in Figure 4) is shifted down by 0.25ppm compared to the other 

hydrogens in the same ring, due to the proximity of the sulfonic acid. The degree of sulfonation, then, 

can be expressed by the ratio of the integrated peak area from the 10’ hydrogen to the area of the other 

hydrogens, given by the following equation [45]: 

 10'

12 2 other

An

n A


 
                                                                   (9) 

In this equation, n is the DS expressed as a fraction from 0 to 1, and 12 2n  refers to the 12 hydrogens 

of the 3 aromatic rings, minus the sulfonic acid group and the 10’ hydrogen. A typical NMR spectrum of 

SPEEK in DMSO-d6 is shown in Figure 5, with labeled peaks for the different hydrogens. Deuterated 

solvents are used to suppress the NMR signal from the solvent.  
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Figure 5: Typical NMR spectrum of SPEEK, with peaks labeled corresponding to hydrogen positions as defined in Figure 4. 
Figure taken from [42] 

Diffusion in Permselective Membranes 

 Permselectivity is a property of membrane materials, in which the diffusion rate of different 

molecules can be controlled, and some molecules can be excluded entirely. The focus of this study was 

on biocompatible materials which exhibit permselectivity between glucose, a sugar with molecular 

weight of 180, and molecular oxygen, with molecular weight 32. Additionally, glucose is slightly 

negatively charged at biological pH. The two permselective materials studied in this work are SPEEK and 

perfluoro sulfonic acid (PFSA), commercially known as Nafion, which is a sulfonated fluoropolymer with 

a highly branched backbone. This review will focus on permselective membranes for use in biosensing 

devices.  
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 PFSA has been used as a permselective membrane material in many studies, and its diffusion 

characteristics are well-studied[9], [12], [46], [47]. Oxygen has a high solubility in water-swelled PFSA 

membranes, so oxygen is supplied very quickly to the working electrode. Increasing the thickness of the 

PFSA membrane limits the amount of glucose that diffuses through the membrane [9]. Diffusion through 

PFSA has been shown to be enhanced by the formation of nano-channels due to the self-assembly of 

hydrophilic and hydrophobic regions of the polymer[47], [48]. The permselective layer can be drop-cast, 

dip-coated or spin-coated to uniformly cover the working region. Harrison reports an optimal thickness 

of 830 nm to prepare a continuous glucose sensor on a platinum wire electrode with a linear working 

range of 0-30 mM glucose in PBS solution[9]. Other literature sources do not report thickness of PFSA 

permselective membranes, which are applied by drop-casting or dip-coating [12], [46].  

 The method for diffusion of neutral species through hydrated SPEEK membranes is thought to 

be similar to that of PFSA[47], [49]. Similar to the structure of PFSA, SPEEK has a blend of hydrophobic 

and hydrophilic residues which can self-assemble into hydrated channels. While SPEEK generally has a 

higher DS than PFSA, the rigidity of the SPEEK backbone could restrict the formation of channels as large 

as those in PFSA. A computer simulation showed the diameter of self-assembled nano-channels to 

depend on the DS and hydration level of the SPEEK, and diameters range from 1nm at 10% water 

fraction, to 5nm at 40% hydration for 60% DS [47]. A pore diameter of about 4 nm, at hydration of 25%, 

corresponds to the percolation threshold where pores have enough long-range connectivity that bulk 

fluid may flow through the membrane[47]. Figure 6 shows a computer simulation of hydrated pores in 

SPEEK and PFSA, with the free energy and the time required for nanostructures to form.  
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Figure 6: Computer simulation of hydrated a) SPEEK (DS=60%) and b) PFSA. F is the free energy of the system. Note the 
difference in pore size and free energy between the two polymers. Figure reproduced from [47]. 

Quasi-Steady-State Sensor Model 

 

 A numerical model to describe the function of the glucose sensor involves diffusion of glucose 

and oxygen through the permselective membrane layer and homogeneous consumption of glucose and 

oxygen in the enzyme layer. Similar numerical models have been developed and solved in the literature, 

and are useful for identifying critical device parameters, or evaluating candidate materials [16]. The 

consumption of glucose and oxygen leads to production of hydrogen peroxide, which subsequently 

diffuses through the enzyme layer to the electrode surface, where it is rapidly consumed.  Each of these 

processes can be described by reaction rate equations, or by Fick's law of diffusion in one dimension. 

Below is a table summarizing the notation used in the following discussion. The system may be divided 

into two domains, the membrane layer and the enzyme layer. 0x  is taken as the platinum electrode 

surface. 
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 Initial conditions throughout all domains are concentrations =0. However, during sensor 

operation, concentration will vary continuously depending on the bulk concentration of glucose. This 

leads to a quasi-steady state model, where for a given bulk glucose concentration (which changes with 

time) the concentration profile and reaction rates in the device are assumed to be steady-state. This 

assumption is valid if the concentration profiles and reaction rates reach steady state faster than the 

bulk concentrations shift. For device dimensions on the micron scale, this is a reasonable assumption.  

Table 1: Summary of notation for quasi-steady-state model of glucose sensing device. 

Symbol Definition Units 

,G ED   Diffusivity of glucose in enzyme 
layer 

µm2/sec 

,G MD    Diffusivity of glucose in 
membrane layer 

µm2/sec 

,O ED   Diffusivity of oxygen in enzyme 
layer 

µm2/sec 

,O MD   Diffusivity of oxygen in 
membrane layer 

µm2/sec 

,P ED   Diffusivity of peroxide in enzyme 
layer 

µm2/sec 

,P MD   Diffusivity of peroxide in 
membrane layer 

µm2/sec 

,G EC   Concentration of glucose in 
enzyme layer 

millimolar 

,G MC  Concentration of glucose in 
membrane layer 

millimolar 

,O EC  Concentration of oxygen in 
enzyme layer 

millimolar 

,O MC  Concentration of oxygen in 
membrane layer 

millimolar 

,P EC  Concentration of peroxide in 
enzyme layer 

millimolar 

,P MC  Concentration of peroxide in 
membrane layer 

millimolar 

MK   Half-saturation constant millimolar  

Mv   Maximum enzymatic rate 
constant 

sec-1 

Ex   Thickness of enzyme layer µm 

Mx   Thickness of membrane layer µm 
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Beginning with glucose and oxygen in the bulk fluid, it can be assumed that mixing conditions 

are stable and the diffusive boundary layer outside the permselective membrane is constant thickness. 

It can also be assumed that the concentration of H2O2 is negligible in the bulk. Glucose and oxygen 

diffuse through the permselective membrane at the rates given by Fick's law, and H2O2 diffuses out 

towards the bulk. In the permselective membrane, no reactions are occurring so the concentrations are 

given by:  
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 The boundary conditions about the membrane layer for all three components are continuous 

flux and concentration at the enzyme/membrane interface, and constant concentration at the 

membrane/bulk interface. The critical experimental parameter in this layer is the thickness of the 

membrane layer, which affects the concentration gradient of all three components. For a constant 

diffusion coefficient, a thin membrane gives a steep gradient and high flux. A thicker membrane will give 

a shallow gradient and low flux into the enzyme layer. Optimization of this membrane thickness with 

respect to the relative diffusion coefficients of oxygen and glucose will allow the necessary flux of each 

species for glucose-limited sensing.  

 Glucose and oxygen reach the enzyme layer, where the uniformly distributed GOx catalyzes the 

oxidation of glucose, using oxygen as the electron acceptor, creating H2O2. The consumption rate of 
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glucose and oxygen, as well as production of hydrogen peroxide, are described by Michaleis-Menten 

kinetics, given by the equation shown below. This reaction rate assumes that oxygen is present at high 

enough levels to not inhibit the GOx reaction rate. The oxidation of the FAD cofactor in GOx is assumed 

here to be a “fast” reaction. If oxygen is limiting, this effect can be modeled by adjusting the Michaelis-

Menten parameters of the enzyme kinetic expression.  
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 Hydrogen peroxide, which is generated homogeneously in the enzyme layer, diffuses toward the 

platinum electrode surface, where it is rapidly consumed. This rapid surface reaction justifies the 

assumption that the peroxide concentration at this surface is zero. Because peroxide concentration in 

the bulk fluid outside the device is also zero, peroxide also diffuses out through the permselective 

membrane layer. The rate of diffusion out of the device is slower than the rate of diffusion to the 

electrode surface due to the relatively long distance to the bulk, as well as the permselective membrane 

layer restricting diffusion. 

 When peroxide is oxidized at the electrode, the products are two protons, two electrons, and 

molecular oxygen. The electrons are taken up by the sensing circuit and generate a current, and the 

molecular oxygen can be recycled into the glucose oxidase reaction. Because this reaction is considered 

“fast,” the oxygen production is assumed to be equal to the flux of peroxide to the surface. The surface 

reaction gives the boundary condition for oxygen in the enzyme layer.  

 The concentrations of each component in the enzyme layer are given by: 
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The boundary conditions for the enzyme layer are different for each component. For glucose, the 

boundary conditions are zero flux at the platinum surface, and continuous flux and concentration at the 

enzyme/membrane interface. For oxygen, the boundary conditions are continuous flux at the 

enzyme/membrane interface, and flux equal to the negative of the peroxide flux at the platinum 

surface: 
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For peroxide, the boundary conditions are continuous flux and concentration at the enzyme/membrane 

interface, and zero concentration at the platinum surface.  

 Using these expressions and boundary conditions, together with experimentally or compiled 

constants for diffusion and rate kinetics, this system may be modeled numerically to give insight into 

optimal film thicknesses, as well as ideal saturation times for the device.  
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Materials and Methods 

 The sensor in this study is a two-electrode system – a platinum working electrode and a 

silver/silver chloride counter/reference electrode, and is fabricated on a polyimide substrate. The 

working electrode is coated with immobilized glucose oxidase (Amresco, 106 U/mg) with stabilizing 

bovine serum albumin (Sigma Aldrich, lyophilized powder). The proteins are immobilized by cross-linking 

with glutaraldehyde (Electron Microscopy Sciences, 25% solution), and the enzyme solution is precisely 

deposited using EHDP. The entire device is coated with a permselective membrane to extend sensor 

lifetime, and limit glucose flux to the enzyme layer. The glucose oxidation reaction depends on oxygen 

as an oxidizing agent, and as such the glucose concentration must be limited while oxygen is allowed to 

permeate the membrane layer in order for the sensor to produce a linear amperometric signal response 

to glucose concentration.  

Electrohydrodynamic Printer 

 A custom-built electrohydrodynamic printer (EHDP) was used to deposit patterns of glucose 

oxidase ink onto conductive substrates. The EHDP features a high-voltage amplifier (Trek 677B), which 

applies a voltage to the printing needle. The amplifier is capable of producing potentials up to 1000V. 

The substrate is grounded using a probe, and is placed on a stage which consists of moving x- and y-axis 

linear stepper motorized stages (Parker MX80L T03MP), and a two-axis tilting stage (Edmund Optics 

70mm metric Micrometer Tilt Stage) for leveling the substrate. The printing needle is moved up and 

down using another linear stepper motor (Parker MX80ST 02MSJ). The printing process is observed 

through a microscope camera (Edmund Optics Infinity2), and illuminated with fiber optic lamps. A 

schematic of the EHDP tool is shown in Figure 3.1. The design of the EHDP is based on the publication 

from Barton et al [50]. Custom control software is written in LabView. 
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Figure 7: Schematic of the EHDP tool. Figure taken from [28]. 

 The printing needle is a glass micropipette (World Precision Instruments), coated with a thin 

sputtered film of AuPd alloy for conduction, using a Cressington Sputter Coater 108auto. Needles with a 

tip inner diameter of 5 and 30 microns were used for these experiments. Prior to printing, the needle tip 

is dipped in liquid 1H,1H,2H,2H-perfluorodecanethiol (Sigma Aldrich) for one minute, which forms a 

hydrophobic self-assembled monolayer on the outer metal surface of the needle. This monolayer 

prevents excessive wetting of the needle by ink, and directs droplet formation downwards toward the 

substrate. Air pressure is applied to a syringe behind the needle, to force flow of the ink to the tip of the 

needle. Pressure is controlled by a pressure transducer (ControlAir 500-AF). Normal operating pressures 

are between 0.5 and 3 psi, and are controlled by the software.  
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 Voltage is sent from a National Instruments controller (SCB-80) to the voltage amplifier, which is 

connected to the printing needle. Consistent printing is achieved by pulsing the voltage in a square 

wave. In this mode, the frequency and amplitude of the wave are controlled by the software. To print in 

the controlled cone-jet mode, the lower voltage of the pulse is sufficient to hold the fluid meniscus in a 

Taylor cone. The higher voltage of the pulse causes a jet to eject from the tip of the cone.  

 To print specific patterns, the EHDP software reads a text file which contains commands to 

move the x- and y- stages, and to turn the voltage on or off. For a given pattern, the stage velocity must 

be set in the software before beginning the program. Modifying the stage velocity and voltage pulsing 

frequency allows the control of droplet size and spacing between droplets in a line. The stage velocity 

can be set from 13.6 microns/s to over 10mm/s. Printing of continuous patterns is achieved at 200 

microns/s to 1 mm/s. 

Glucose Oxidase Ink 

 An aqueous solution containing GOx and stabilizing BSA was used for EHDP patterning of GOx 

films, as well as for drop-cast films for electrochemical measurements. A wide range of enzyme 

concentrations, and other additions to the solution were investigated before a final ink formulation was 

determined for printed GOx on sensor devices.  

 The very first ink investigated contained 190mg/mL of GOx and 10mg/mL of BSA in water. This 

ink formulation was prone to dissolution of solid enzyme at the elevated temperatures found in the 

EHDP enclosure, especially at the liquid-air interface at the tip of the needle. To solve the problem of 

solid enzyme clogging the printing needle, much lower enzyme concentrations were investigated.  

 An ink of 19mg/mL GOx and 1mg/ml BSA in water was used, but it was found that dissolution of 

the enzyme which clogged the needle was still a problem. Additionally, the ink lacked sufficient viscosity 
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to form a stable Taylor cone under high voltage - instead, the solution would electrospray or eject a 

large droplet, which caused ink to flow uncontrolled from the needle tip.  

 The dissolved enzyme was subsequently stabilized with the addition of 5% v/v of glycerol to the 

aqueous base. The glycerol helped to keep the enzyme from crystallizing prematurely, and provided 

viscosity and surface tension to the solution, which aided in printing. From this 95% water, 5% glycerol 

base solution, the enzyme concentrations were further optimized. It was determined that a mixture of 

18mg GOx and 2 mg BSA per mL of solvent gave good mechanical stability of the enzyme layer, and 

maximized sensitivity to glucose. The total concentration of 20 mg/mL gave a thick enzyme layer once 

cross-linked, while still flowing freely enough to print consistently.  

Cross-linking of Glucose Oxidase Films 

 The printed glucose oxidase ink contains dissolved glucose oxidase and bovine serum albumin 

proteins, in a solution of water and glycerol. Different concentrations of the two enzymes were tested in 

this study. In order to fix a thin film of glucose oxidase onto the sensor device, the GOx and BSA were 

cross-linked into solid crystals using glutaraldehyde. Three methods of cross-linking with glutaraldehyde 

were examined in this study.  

 In the first method, the 25% glutaraldehyde solution was mixed with 0.05% v/v Triton X100 

surfactant, and this solution was spin-coated onto the platinum electrode surface prior to applying the 

GOx ink. This method led to cross-linking of enzyme directly on the platinum electrode surface, which 

helped to promote adhesion of enzyme to platinum. The surfactant in the glutaraldehyde solution also 

promoted spreading of the printed GOx ink into larger droplets.  

 In the second method, GOx ink was printed directly onto the platinum electrode surface. After 

printing, samples were taped to the lid of a small petri dish, and a 200 microliter droplet of 25% 
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glutaraldehyde solution was placed in the bottom of the petri dish. The petri dish is then sealed with the 

printed sample suspended directly above the glutaraldehyde droplet. In the sealed container, 

glutaraldehyde vapor diffuses into the printed pattern and cross-links the enzymes into solid crystals. 

This method produces very good pattern resolution, because the printed pattern is not disturbed by any 

other fluid. However, the cross-linking process takes much longer than directly mixing the 

glutaraldehyde and enzyme. Although we demonstrated this method, it was not pursued further due to 

problems with reproducibility and very long processing times. 

 In the third method, glutaraldehyde and GOx/BSA ink were pre-mixed before application to the 

platinum sensor surface. The glutaraldehyde concentration was 0.4 mg/mL, to allow for adequate cross-

linking without reacting too quickly or inhibiting enzyme activity. This method optimized mixing of the 

glutaraldehyde into the solution, and cross-linking of the enzymes was maximized. Depending on the 

concentration of glycerol and glutaraldehyde, the ink could be printed for at least 30 minutes, and in 

optimal cases, over 2 hours before excessive cross-linking of the enzyme caused clogging of the 30 

micron diameter printing needle. An optimal glutaraldehyde concentration of 0.4 mg/mL was used to 

cross-link the enzyme without clogging the printing needle or limiting enzyme sensitivity.   

 Glucose oxidase patterns were produced using each of these cross-linking methods, and were 

analyzed using profilometry or AFM to determine the film thickness. SEM and optical microscope images 

were also taken of GOx films and printed patterns. Finally, the activity of the cross-linked glucose 

oxidase was examined by measuring electrochemical response of the sensor to glucose concentration.  

Electrochemical Characterization of Glucose Sensor Devices 

 Function of glucose sensor devices was measured by placing the device in an electrochemical 

cell containing 150 millimolar PBS solution (NaCl, KCl, NaH2PO4, Na2HPO4) and polarizing the 



32 
 
platinum/iridium working electrode. The working electrode was polarized at +600 millivolts against a 

Ag/AgCl wire reference electrode. The counter electrode was composed of sputtered platinum/iridium 

on silicon. The electrochemical cell solution was sparged with argon during experiments, to stir the 

solution and reduce oxygen levels in the solution to that of interstitial fluid. Measurements were 

recorded with a BioLogic SP-200 Potentiostat. Oxygen concentrations were recorded with a NeuLog 

NEU-205 oxygen sensor. 

 Using a potentiostat, electrical signals can be recorded with extreme precision. 

Chronoamperometry is a technique where the current in an electrochemical cell between the working 

and counter electrodes is monitored over time. For experiments in this study, concentrations of relevant 

molecules were increased at intervals, and the current response was measured for each concentration 

change.  

  Chronoamperometric data were recorded while the concentration of the target species in the 

electrochemical cell solution was slowly increased. To increase the analyte concentration, a small 

volume of concentrated solution is pipetted into the electrochemical cell. Several different molecules 

were investigated in this manner. Hydrogen peroxide was used to study the activity of different 

electrode surfaces without the application of GOx or permselective membranes. The relevant 

concentrations for H2O2 were from 0 to 300 micromolar.  

 Acetaminophen was used to study diffusion through permselective membranes, without the 

application of GOx beneath the membrane layer. Because acetaminophen is similar in molecular weight 

and charge to glucose, acetaminophen was hypothesized to approximate the diffusive behavior of 

glucose through membrane materials. Relevant concentrations were from 0 to 30 millimolar. 

Acetaminophen is also a common interfering molecule in amperometric sensors, as biological 
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concentrations can be high enough to produce a current during sensor operation. To test for 

acetaminophen interference, acetaminophen concentration was increased to 0.12mM in the presence 

of glucose at 25mM. Other common interfering molecules are ascorbate and urate. These molecules are 

present in significant enough quantities to oxidize on the sensor working electrode and generate a 

current not related to glucose concentration.  

 Sensor response to glucose was measured after the application of GOx films. GOx was either 

drop-cast or printed using EHDP, and was cross-linked and dried before electrochemical measurements. 

Measurements were made with and without permselective membranes. The glucose concentrations 

were varied from zero to 30 millimolar, with reflects the relevant clinical blood glucose levels of diabetic 

patients.   

Synthesis of Sulfonated Poly (ether-ether-ketone)  

 To prepare SPEEK with a controlled degree of sulfonation, powdered PEEK (Victrex, 450-PF) is 

slowly added to a stirred container of concentrated sulfuric acid (95-98%) in the proportion of 3 grams 

PEEK per 100mL sulfuric acid. Actual batch sizes were varied depending on the need for material. The 

PEEK powder dissolves completely in about one hour, and the dissolved polymer is sulfonated slowly 

over time. After the specified reaction time, the reaction solution is quenched by pouring the contents 

of the reaction vessel over 1L of ice water. The SPEEK polymer precipitates in the ice bath and the 

polymer is recovered by filtration, where the product is rinsed and filtered repeatedly with DI water 

until the filtrate water reaches a pH of at least 6.0. The washing step is necessary to completely remove 

sulfuric acid from the polymer, and to stop the sulfonation reaction. Finally, the washed polymer is dried 

in a furnace at 80°C for at least 24 hours.  
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 The reaction time is taken from the time the PEEK has been completely added to the acid. 

Reaction times between 14 and 130 hours were used in this study, to produce SPEEK with a degree of 

sulfonation from approximately 10% to 75%. Degree of sulfonation was determined either by NMR for 

higher DS, or by back-titration for lower DS polymers, which would not dissolve in DMSO.  

 For NMR analysis, a solution of approximately 3 wt% SPEEK was prepared in DMSO-d6 

(deuterated DMSO). NMR spectra were recorded at room temperature. For back-titration, 0.1 grams of 

SPEEK were added to 50mL of 0.5M NaOH and stirred for 72 hours. After the neutralization of the 

polymer was complete, the NaOH solution was back-titrated to neutral pH using 0.03M sulfuric acid. The 

pH was measured using a pH meter (VWR Symphony). Detailed calculations for both of these methods 

are presented in the Literature Reveiw.  

Application of Permselective Polymer Membrane to Glucose Sensors 

 Solutions containing between 1% and 5% by weight of polymer are used to fabricate thin 

polymer films onto surfaces. PFSA (D2020 20% suspension in 1-propanol and water, Ion Source) 

solutions are prepared by dilution of the stock solution with isopropanol. SPEEK solutions are prepared 

by dissolving 1% to 3% by weight of powdered SPEEK into dimethylformamide (DMF, Sigma Aldrich). If 

necessary to dissolve the polymer, the DMF solution is heated with a reflux condenser.   

 Thin films are made by spin-coating (Laurell WS-400BZ-6NPP/LITE), at rotation speeds of 1000-

3000 RPM for 60-90 seconds. Prior to coating of samples that do not have a GOx layer, the samples are 

treated with a 15-minute UV/ozone exposure to ensure good surface wetting, by oxidizing organic 

surface contaminants and functionalizing surface bonds, making the surface hydrophillic. The UV/ozone 

treatment cannot be used on samples with a GOx layer, as the UV exposure would deactivate the 

enzyme. To ensure film thickness uniformity, enough solution to cover approximately 2/3 of the surface 
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is dropped onto the sample before spinning. After spinning, samples are allowed to dry for at least 15 

minutes. Film thicknesses are measured using profilometry.  

Analytical Tools 

Scanning Electron Microscope 

 Scanning electron microscopy (SEM) was used to inspect the polymer films morphology, and to 

examine extremely thin printed patterns of GOx. To prepare samples for SEM imaging, samples were 

fixed to a metal stub using conductive copper or carbon tape. Insulating substrates, such as the 

polymers in this study, were first sputter coated with a thin layer of AuPd alloy, which creates a thin 

conductive layer at the sample surface without masking any features of the sample. The metal stubs 

were held in the SEM chamber on a grounded mount. Samples must be grounded during imaging to 

prevent charging due to buildup of charge from the imaging beam.  

 Two SEMs were used in this study. The FEI Quanta 600F has a large sample chamber capable of 

holding up to 16 small samples, or 4 large microscope slides at once. It is also equipped with an 

attachment for energy dispersive X-ray spectroscopy (EDX or EDS), which can give elemental 

composition information. The FEI NOVA NanoSEM has a smaller sample chamber. It also features an EDX 

attachment, as well as a through-the-lens (TTL) electron detector, which allows high-resolution (over 

100,000x magnification) at very low accelerating voltages.  

Profilometer 

 Profilometry was used to measure the thickness of films on rigid substrates. A profilometer 

(KLA-Tencor Alpha-Step 500) uses a small stylus in contact with the sample surface to determine the 

height of the sample. The sample stage moves slowly beneath the stationary stylus, which moves up and 

down in contact with the sample surface. This vertical motion is plotted with the stage translation to 
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give a line scan of sample height. Scanning across a step edge from the substrate to sample film gives 

the film thickness. 

For GOx film thickness measurements, line scans were taken over individual printed lines or 

droplets of cross-linked GOx. For polymer film thickness measurements, a step feature was created in 

the film by scratching with the corner of a razor blade through the polymer layer and line scans were 

recorded over the scratch in the polymer layer. Profilometry could not be used for flexible substrates, as 

the stylus force was enough to press into the polyimide and distort height measurements.  

Atomic Force Microscope 

 Atomic force microscopy (AFM) was used to measure thickness of printed GOx on polyimide 

substrates, and to characterize the roughness of substrates surfaces. An AFM uses a chemically etched 

silicon nitride probe, approximately 15-40 nm across. This probe is at the end of a small cantilever, 

which deflects up and down as the probe moves across the sample surface. The deflection of the 

cantilever is precisely measured by a laser, reflected off the end of the cantilever. This deflection 

corresponds to the height of the sample. AFM can be used to measure height over a sample area. 

Typically, software analysis is used to extract line scans from the three-dimensional surface scan.  

 AFM scans were taken of printed GOx patterns, with and without polymer membranes. AFM 

scans were used to determine thickness of printed layers and dimensions of printed features. AFM was 

also used to characterize surface roughness of different substrates, by scanning over an unpatterned 

area of the substrate and using software to calculate the root mean squared roughness.  

X-Ray Photoelectron Spectroscopy 

 X-ray photoelectron spectroscopy (XPS) is a surface-sensitive technique used to identify the 

chemical composition and electronic structure of atoms in a sample. Samples are exposed to X-rays in a 
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vacuum, and the X-ray energy causes the ejection of a core level electron. These electrons are detected, 

and their kinetic energy is proportional to the binding energy and the X-ray energy used for excitation. 

After controlling for the instrumental X-ray effect on kinetic energy, the binding energy of the detected 

electrons can be determined with great precision [51]. This energy gives information about the chemical 

species and its chemical bonds or oxidation state. Ejected electrons cannot travel more than a few 

nanometers through a material before colliding with other atoms and losing energy, and so XPS is a very 

surface-sensitive technique, only detecting electrons from the first few nanometers of a sample [51]. 

Relative intensities of elemental signatures can determine elemental composition as well [51].  
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Results and Discussion 

Development of EHDP Technique for Printed GOx  

 The EHDP tool was used to first print individual droplets, then lines, and finally connected 

continuous films of GOx onto rigid (platinum/iridium on glass or silicon) and flexible (platinum/iridium 

on Au/Kapton) substrates. The patterns were first characterized by optical microscopy and SEM to 

determine parameters relating to complete coverage of the electrode surfaces. All GOx printing was 

performed using a 30 micron ID needle. Printing parameters on the EHDP (voltage, pressure, working 

distance) were adjusted to give the largest droplet sizes, while remaining consistent enough for 

repeatable patterning. Most printing was accomplished at a polarization voltage of 600-800V, pulsed at 

20-40 Hz. The distance between the printing needle and the substrate was 30-60 microns.  

 Patterns of individual droplets were printed via EHDP onto UV/ozone treated substrates of 

platinum on silicon, and the enzyme was either left untreated, cured by glutaraldehyde which was spin-

coated onto the substrate before printing, or cured with glutaraldehyde vapor. Pre-mixed 

glutaraldehyde/GOx/BSA ink was also printed. These samples were imaged using SEM and AFM, and the 

average droplet size was measured. These data allowed the stage velocity to be optimized to produce 

connected lines of GOx, by slightly overlapping each droplet with its previous neighbor.  

 In the SEM images shown in Figure 8, GOx ink was patterned onto UV/ozone treated Si 

substrates with a sputtered layer of Pt/Ir. Glutaraldehyde was introduced using the spin-coating 

method, and GOx ink containing 10% glycerol was printed at various pulse frequencies and stage 

velocities. Individual droplets were measured, with an average diameter of about 23 microns. By slowing 

the movement of the printing stage, these droplets could be made to overlap into continuous lines. 

With the stage moving at 940 μm/s, and pulsing voltage at 40 Hz, printed lines had a width of 



39 
 
approximately 25-30 microns. Some evidence of individual droplets is still visible. The spacing between 

lines is 100 μm.  

 

Figure 8: Printed GOx with spincoated glutaraldehyde, showing a), b) individual droplets and c), d) connected lines.  

 An ink mixture containing GOx, BSA, and glutaraldehyde with 5% glycerol was patterned onto 

polyimide with evaporated gold and sputtered platinum/iridium. Measurements with AFM, in Figure 9, 

again show different morphology resulting from adjustment of stage velocity and pulse frequency. At a 

velocity of 3500 μm/s and frequency of 20 Hz, multiple small droplets can be distinguished, which 
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results from multiple jetting during a single voltage pulse. When the velocity is slowed to 1750 μm/s, the 

same frequency still gives multiple jets. However, the individual droplets collect into larger elongated 

droplets. A frequency of 40 Hz controls droplet size better, and a slower stage velocity of 470 μm/s 

produces a smooth, connected line with no evidence of individual droplets. The line is approximately 25 

μm wide. Roughness that appears around the outside of the pattern is due to disperse spray of GOx ink 

that occurs when the entire substrate is conductive – this spray does not occur on microfabricated 

devices where the conductive electrode is surrounded by insulating polymer.  

 

Figure 9: Printed GOx with pre-mixed glutaraldehyde. Patterns vary from a) multiple droplets to b) elongated large droplets, 
to c) a fully connected line. 

Once fully connected lines had been achieved, the spacing between lines was optimized to 

create a fully covered film of GOx. Width of printed lines can vary depending on specific printing 

parameters or variability in substrate height. Patterns of continuous lines were printed with line spacing 

of 60, 40, or 25 microns, and were measured using AFM. With line spacing of 40 and 25 microns, no 
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open area between lines is visible. As a safety factor, patterns for printing on working electrodes were 

designed with 30 microns between lines, to ensure uniform coverage even with non-ideal printing 

conditions.  

The thickness of printed lines of the same GOx ink was measured on another Pt/Au/PI substrate, 

before and after the application of a thin 60 nm PFSA membrane. AFM line scans are shown in Figure 10. 

The step height was measured between substrate and printed GOx line, and the maximum thickness 

was 60 nm. After the application of a 60 nm PFSA membrane by spin-coating a 1 wt% solution, the step 

height was measured between the membrane over the printed line and the membrane over an 

unprinted area. The maximum height difference was approximately 25 nm. Note that this is not 

necessarily the absolute thickness of the printed GOx after the membrane application – it is likely that 

the membrane spread around the printed line, and is thinner than 60 nm over the raised printed area. 

However, we expect that membrane thickness is uniform over a large printed area, such as the working 

electrodes of the sensor.  
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Figure 10: AFM line scans of printed GOx lines, on a) bare Pt/Au/PI and b) after application of 60 nm PFSA membrane. 

 To confirm that enzyme was indeed adhered to the electrode surface, X-ray photoelectron 

spectroscopy (XPS) was used to identify the elements present on the surface of first a bare platinum 

electrode, and then on an electrode which had been patterned with GOx ink. XPS results, shown in 

Figure 11, indicated moderate levels of carbon and oxygen from surface contamination and high signal 

from platinum on the uncoated electrode. On the GOx-covered electrode, no signal of platinum was 

0 10 20
Width (μm)

60

40

20

0

T
h

ic
kn

es
s 

(n
m

)

0 10 20
Width (μm)

20

10

0

Th
ic

kn
es

s 
(n

m
)

a) Printed GOx line 
on Pt/Au/PI

b) PFSA membrane 
over printed GOx line



43 
 
observed, indicating very complete coverage of the metal surface with enzyme, where the signal was 

from carbon, nitrogen, and oxygen in the GOx film.   

 

Figure 11: XPS spectra of a) untreated and b) GOx-coated Pt electrodes on a patterned sensor device. 
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Characterization of Sulfonated Poly(ether-ether-ketone) 

 After reaction of PEEK with concentrated sulfuric acid, and recovery of the sulfonated polymer, 

the degree of sulfonation (DS) of the polymer could be measured. DS was measured by back-titration 

method for the less-substituted polymers (DS less than 30%), as they would not dissolve in DMSO for 

NMR measurement. For moderately substituted SPEEK (DS between 30% and 50%), DS was measured 

using both NMR and back-titration methods. For the highest substitution SPEEK (DS greater than 50%), 

only the NMR method was used to characterize DS. Table 2 shows the reaction time and DS 

measurements from different methods of characterization.  

Table 2: Summary of SPEEK syntheses, with %DS characterization by titration and NMR. 

Reaction time (hours) % Degree of Sulfonation – 
Titration method 

% Degree of Sulfonation –    
NMR method 

4 6 n/a 

8 13 n/a 

14 17 n/a 

48 39 35 

68 44 40 

96 n/a 68 

 

NMR spectra of SPEEK samples which were reacted for 48, 68, and 96 hours are shown in Figure 12. The 

peak at approximately 7.55 ppm is indicative of a sulfonic acid group bound to an aromatic ring, in the 

position illustrated in Figure 4. Increasing intensity of this peak indicates higher concentration of sulfonic 

acid groups, and the area under the peak is proportional to the DS of the polymer sample. Due to the 

insolubility of the lower DS samples in common organic solvents, only those samples with DS above 35% 

were evaluated as permselective membrane materials.  
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Figure 12: NMR spectra of SPEEK polymer dissolved in DMSO-d6. The peak indicating bonding with sulfonic acid is at 7.5 
ppm. 

Characterization of Permselective Membranes 

 Synthesized SPEEK and purchased PFSA solutions were used to create thin films of polymer on 

rigid (glass or platinum on silicon) and flexible (platinum on Au/Kapton) substrates. Polymer films were 

created by spin-coating and drop-casting.  

 Cross-section and top-down SEM images were taken of spin-coated SPEEK and PFSA films on 

glass substrates, to examine the morphology of the polymer thin film, and are shown in Figure 13. SPEEK 

films of a range of DS showed a dense top film, with a more porous layer below, in contact with the glass 

substrate. This result indicates that the high boiling point organic solvent quickly evaporates from the 

very top of the membrane, leaving behind a dense solid polymer, while the solvent below leaves the film 

more slowly and results in a network of interconnected micropores. PFSA films show very consistent 

48 hour reaction

68 hour reaction

96 hour reaction

In
te

n
si

ty
 (a

rb
. u

n
it

s)



46 
 
smooth surfaces at the fractured cross-section, indicating uniform drying of the film during spin-coating. 

This is likely due to the low boiling point propanol/water solution, which evaporates quickly throughout 

the film and leaves behind a uniform, nonporous polymer solid.  

 Top-down images of both films show a uniform, pore- and crack-free polymer which is free of 

defects. Formation of a uniform permselective membrane is critical to repeatable sensing. Any cracks or 

pores represent places where glucose may diffuse uncontrolled to the GOx layer, resulting in rapid 

saturation of the enzymatic reaction. In order for the assumptions of the quasi-steady state model to 

hold, the permselective membrane layer must be uniform and defect free. Additionally, any cracking or 

delamination of the membrane material could result in polymer or enzyme flaking off inside the body 

once a sensor is implanted.  
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Figure 13: Cross-section and top-down SEM images of permselective membrane materials deposited by spin-coating on glass 
substrates. a), b) PFSA membrane, c), d) 35% DS SPEEK membrane, e), f) 41% DS SPEEK membrane. Top-down images show 

lack of pores or cracks in the polymer surfaces.  

 These images do not fully illustrate the diffusion mechanisms at work in the hydrated polymer 

membranes. As discussed in the Literature Review, both SPEEK and PFSA are hypothesized to self-
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assemble into nano-channels due to the amphiphillic nature of the polymer residues, where the sulfonic 

acid groups are hydrophillic and other residues are hydrophobic. These pores are too small and too 

transient to be observed by SEM. Their effect can be seen in experiments which examine the relative 

rates of diffusion through the different polymer materials.   

Electrochemical Characterization of Sensing Devices 

 Using the Bio-Logic SP-200 potentiostat, chronoamperometric data was recorded for glucose 

sensor devices on rigid and flexible substrates. Beginning with the most fundamental measurements, 

experiments were performed which incrementally added complexity to the sensing devices. Initially, 

platinum on polyimide was examined as a device to oxidize H2O2, with no outer membrane on the 

device. Next, polyimide substrates with sputtered Pt with GOx thin films were tested, with or without 

permselective membranes. Completely fabricated sensor devices on flexible polyimide substrate were 

also tested.  

Hydrogen Peroxide Sensing 

 At the fundamental level, the amperometric glucose biosensor is an electrode which oxidizes 

H2O2 on its surface and generates a current. The goal of these experiments was as a proof of concept, to 

determine if the sputtered Pt over Au on the polyimide substrate would provide a catalytic effect for the 

oxidation of H2O2 when polarized at +600mV. Figure 14 shows the current density response the 10 nm 

sputtered platinum on Au/PI to hydrogen peroxide concentration in 150mM PBS solution.  
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Figure 14: Increasing H2O2 concentration in PBS solution, with 10nm Pt on Au/PI as working electrode. Working electrode 
was polarized at 600mV. 

 From this data, it is clear that our platinum film on the Au/PI substrate would be suitable for 

oxidizing H2O2, and that this oxidation current was indeed linear. Using the thin platinum film as a 

working electrode, experiments continued by adding the GOx layer, which will generate H2O2 from 

glucose in solution.   

Glucose Sensing 

 To first evaluate the effect of different materials and thicknesses of permselective membranes, 

drop cast films of GOx were deposited on polyimide substrates with 150 nm of evaporated gold and 10 

nm of sputtered platinum. The active layer was dropcast from a solution containing 18 mg/mL GOx, 2 

mg/mL BSA, and 0.4 mg/mL glutaraldehyde in 5% glycerol, the same makeup as the printed ink. Samples 

were coated with PFSA or SPEEK by spin coating or drop casting. Different thicknesses of polymer were 

deposited by varying the spinning rate and concentration of the coating solution. For all experiments, 
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argon was used to sparge the electrolyte solution and reduce the oxygen concentration to 

approximately 45 torr, or 0.08 mM.  

 Uncoated sensors showed a highly nonlinear response to glucose concentration, as expected. 

Without a diffusion barrier restricting the glucose concentration in the enzyme layer, oxygen limitation 

severely limited the enzymatic reaction rate producing H2O2, as shown in Figure 15. Applying a thin 60 

nm coating of PFSA extended the linear working range of the sensor, allowing a linear response up to 6 

mM of glucose. Beyond this concentration, the rate of diffusion of glucose through the PFSA was much 

greater than the rate of diffusion of oxygen. Using a PFSA membrane of 420 nm did not extend the 

linear working range significantly. Some distinction was observed between different glucose 

concentrations above 10 mM, but the current response was not linear in this range. 

Chronoamperometric data recorded from sensors with single coat PFSA membranes is shown in Figure 

16.  

 

Figure 15: Chronoamperometry of glucose sensor made from dropcast GOx on 10nm Pt/Au/PI, with no outer membrane. 
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Figure 16: Chronoamperometry of glucose sensors made from dropcast GOx on 10nm Pt/Au/PI with thin outer membranes. 

 Multiple coatings of PFSA improved sensor function significantly. It has been suggested that 

exposing the cross-linked GOx layer to concentrated acidic polymer solution may denature some of the 

enzyme [9]. This mechanism is also observed when sensors were fabricated using SPEEK as an outer 

membrane – the SPEEK polymer is much more acidic than the PFSA, and even a 20 nm thick layer of 

SPEEK would prevent any signal at all from glucose oxidase. Therefore a thin “base coat” of 1% PFSA, 

about 60nm thick was applied before subsequent applications of thicker membranes. A two-coat 

membrane, with total thickness 480 nm was applied and gave linear sensor response up to 9 mM of 

glucose, with nonlinear current increase above 9 mM. Further increasing thickness by applying a three-
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coat membrane, with total thickness of 1.75 microns, gave a highly linear sensor response up to 35 mM 

glucose.  Another sensor prepared with a two-coat membrane, where the second PFSA coat was drop 

cast, had a very nonuniform total thickness between 3 and 5 microns. This sensor also gave a linear 

response up to 40 mM of glucose. Chronoamperometric data, as well as linear response graphs are 

shown for sensors with multiple-coat PFSA membranes in Figure 17. Linear sensor response is a result of 

using membrane thickness to balance the flux of oxygen and glucose through the membrane layer to the 

enzyme, such that the enzyme reaction is limited by glucose concentration rather than oxygen.  
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Figure 17: Chronoamperometry of glucose sensors made with dropcast GOx on 10 nm Pt/Au/PI, with thick outer membranes 
applied in multiple stages. 

 A sensor was fabricated with a 200 nm layer of 68% DS SPEEK over a 60 nm layer of SPEEK as an 

outer membrane. The enzyme was drop cast. This sensor had a very nonlinear response to glucose 

concentration, as well as extremely slow response when glucose was introduced, as shown in Figure 18. 

Slow response is indicative of very slow diffusion through the outer membrane, which is expected in 
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SPEEK. When 0.13 mM of acetaminophen was added to the electrolyte at the end of the experiment, 

current increased dramatically, indicating rapid diffusion of acetaminophen through the membrane. 

Rapid diffusion of acetaminophen also suggests that glucose is diffusing rapidly though the membrane. 

Therefore, it is possible that the sensor’s poor performance is due to poor oxygen diffusion through the 

SPEEK layer.  

 

Figure 18: Chronoamperometry of glucose sensor made with dropcast GOx on 10 nm PT/Au/PI with SPEEK outer membrane. 
Note the extremely long response time, and large effect of small acetaminophen addition. 

Printed GOx on Sensor Devices 

 The optimized GOx ink, which contains GOx, BSA, and glutaraldehyde in 95% water/5% glycerol, 

was printed using EHDP onto microfabricated sensor devices, which were fabricated on polyimide 

substrates. The polyimide was coated with 150nm of evaporated Au, and 10nm of sputtered Pt. The Au 

and Pt were patterned into individual sensors and electrodes, and a 200nm layer of evaporated Ag was 

applied to subsequently form a Ag/AgCl reference electrode. The inactive areas of the device were 
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insulated with a thin layer of SU-8 epoxy. Figure 19 shows an image of the EHDP being used to pattern 

GOx ink on a working electrode of a sensor device.  

 

Figure 19: Microscope image showing the EHDP patterning of GOx ink onto a working electrode of a sensor. The dimension 
of the working electrode is 400 by 800 microns.  

 After printing of the enzyme layer, the device was coated with a PFSA outer membrane. Figure 

20 shows the sensor response to glucose concentration using a thin 80nm outer PFSA membrane. 

Further optimization of the outer membrane thickness was completed and sensors were made with 

thick outer membranes by multiple applications of PFSA. A set of these devices was provided to PDT for 

evaluation and eventual use in an in vivo study of continuous glucose monitoring.  
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Figure 20: Chronoamperometry of a glucose sensor made with EHDP printed GOx on a 10nm Pt/Au/PI patterned sensor. 

Conclusion and Recommendations for Future Work 

 This study follows the development of a continuous glucose sensors from its initial design stage 

to the fabrication of many working prototype devices. A biological ink containing glucose oxidase, 

bovine serum albumin, and glutaraldehyde as a cross-linking agent was optimized for deposition using 

an EHDP system capable of high resolution rapid patterning on a variety of substrates. The ink was used 

as the reactive layer for glucose sensing devices, converting glucose to hydrogen peroxide, which could 

be directly oxidized on a platinum electrode to give a measureable current. SPEEK was synthesized from 

PEEK and sulfuric acid, and was characterized and evaluated as a potential permselective membrane 

material. While SPEEK did not meet the requirements of the project, PFSA was used as a permselective 

membrane material. Glucose sensors were fabricated on flexible polyimide substrates and had a linear 

response to glucose concentration up to 35 mM, even in a low-oxygen electrolyte solution.  

 With the optimized prototypes produces at OSU, PDT will begin the next phase of their 

development project and begin characterizing these devices in vivo, using swine as a model system. 

Printed GOx
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Experiments will be done to confirm the linear performance of the glucose sensor, and to confirm that 

glucose sensing at the injection point of insulin is a viable clinical strategy. Future work in the Herman 

lab will focus on continued production of prototype devices for PDT while improving device yield and 

uniformity, both within batches and batch-to-batch. Alternate materials for working electrodes could be 

evaluated, such as using ferricyanide to enable reduction of peroxide at extremely small polarization 

voltages. Using reduction current instead of oxidation current will prevent interferants such as 

acetaminophen, uric acid, or ascorbic acid from affecting sensor performance. Other possible work 

could focus on alternate fabrication methods, such as microcontact printing to reduce fabrication cost 

and potentially begin fabricating sensors directly onto pre-formed polyimide tubes, rather than flat 

substrates which must be rolled around a catheter.  
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Chapter 2: Processing of CZTS Nanoparticle Films 

Introduction 

 Copper zinc tin sulfide (CZTS) is a semiconducting material with great potential as a light 

absorbing film in solar cell devices. CZTS has a near-optimal band gap of approximately 1.5 eV[52], which 

is tunable to lower band gaps by the substitution of sulfur with selenium. CZTS is a direct band gap 

material with a high absorption coefficient of approximately 104 cm-1 [53], and therefore requires only 

approximately a one micron film thickness for total light absorption. Additionally, the low cost and high 

abundance of the constituent elements make CZTS an attractive alternative to inherently more 

expensive thin film solar cell materials such as copper indium gallium selenide (CIGSe) [54].  

 Previous work in the Herman lab at Oregon State University has focused on the synthesis of 

CZTS nanoparticles in a continuous flow reactor[55]. The continuous flow synthesis reactor utilized 

segmented flow, which is developed in situ by controlled gas generation from the reaction. Segmented 

flow in the mesofluidic reactor enhances mixing and ideally reduces the size distribution of the 

nanoparticles [56].  It has been proposed that incorporation of nanoparticles into a printable ink can 

allow the large scale fabrication of low-cost solar cells on flexible substrates using a high-throughput 

inkjet or roll-to-roll printer. 

 Polymeric flexible substrates are attractive due to their low cost and ease of processing with 

roll-to-roll printing methods. However, most polymer substrates are limited to a processing temperature 

of approximately 300 °C. CZTS nanoparticles often require annealing around 500 °C in order to create a 

dense, defect free film for high cell efficiencies [57]. This work summarizes the initial phase of a joint 

study with Oak Ridge National Laboratory and the National Renewable Energy Laboratory to develop a 

process for rapid thermal annealing of CZTS nanoparticle films by pulsed thermal processing (PTP) and 
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the characterization of the annealed materials, respectively. Researchers at ORNL have developed a 

radiant arc plasma discharge lamp capable of extremely high power density applied in brief pulses [58]. 

This method has been used previously for the annealing and recrystallization of nanoparticle films [59].  

 This study examined the effect of PTP on thin films of CZTS nanoparticles. X-ray diffraction 

(XRD), Raman spectroscopy, scanning electron microscopy (SEM), and energy dispersive X-ray 

spectroscopy (EDS) were used to characterize the effect of PTP with respect to phase separation and 

film densification. The results from this study will be used in future work towards the fabrication of high-

efficiency CZTS solar cells on flexible substrates using PTP for nanoparticle annealing.  
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Literature Review 

Copper Zinc Tin Sulfide 

 CZTS is a p-type semiconducting compound first described by Nitsche in 1967 and first used in a 

solar cell device by Ito in 1988[53], [60]. CZTS can exist in either the kesterite (I 4 ) or stannite (I 4 2m) 

crystalline phases, but kesterite has the lowest-energy configuration [52]. Each of these crystalline space 

groups are related to the more general chalcopyrite (I 4 2d) space group [57]. The difference between 

these two crystalline structures of CZTS is shown in Figure 21. CZTS has a direct band gap of 1.5 eV, 

meaning it is near-optimal for solar cells, based on maximum theoretically attainable open circuit 

voltage, short circuit current, and fill factor for the average Earth solar spectrum [61]. Using the 

standard AM1.5 spectrum of solar radiation, 66.3% of solar energy is available for absorption by CZTS 

[62].  The band gap can also be reduced by substituting different elements into the crystal - a complete 

conversion to CZTSe, by replacing sulfur with selenium, will yield a band gap of approximately 1.0 eV 

[52], [63]. CZTSe has other favorable characteristics compared to CZTS, such as more uniform grain 

growth [55], enhanced stability at Mo interfaces [64], and reduction in the concentration of certain 

electron trapping defects [65].  
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Figure 21: Crystal structures of chalcopyrite, kesterite and stannite using Cu, In, Sn, Zn and S. Figure adapted from [57] 

Solar Cell fundamentals 

 In general, a solar cell is a device which generates an electrical current through photoexcited 

electrons. Solar cell devices are constructed from a p-n semiconductor junction, with an Ohmic top and 

back contact. Silicon or other single-component solar cells can have a p-n junction composed of 

differently doped silicon. For p-type multicomponent materials such as CZTS , copper indium diselenide 

(CIS), or copper gallium diselenide (CGS), consistent n-type doping is difficult to achieve since there are 

several types of competing p-type lattice defects that can occur when electronic bands are shifted [65], 

[66]. However, it has been found that the substitution of cadmium into a copper site, during deposition 

of the CdS buffer layer, can convert CZTS to n-type near the CdS interface [67] leading to favorable band 

structure across the absorber layer, as shown in the CIGS layer of Figure 22.  

 Electronic bands of the materials in a solar cell device are arranged such that electrons and 

holes will drift to opposite interfaces of the device after excitation. This arrangement is possible because 

of a phenomenon known as band bending. Materials which share an interface must have the same 

electronic Fermi level, if there is no external voltage bias. Depending on the majority charge carriers in 
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each material, the Fermi level will be closer to the valence band for a p-type material or the conduction 

band for an n-type material. At the interface between materials, the valence and conduction bands will 

bend where electrons from the n-type material recombine with acceptors in the p-type layer, and holes 

from the p-type material recombine with donors in the n-type layer. At this interface, donors and 

acceptors are charged, while mobile charge carriers are entirely depleted. This depletion zone results in 

an electric field, and the magnitude and width of the field depends on acceptor and donor 

concentrations in the p-type and n-type materials, respectively.  

 

Figure 22: Schematic and band structure of a typical thin film solar cell, with CIGS as the absorbing layer. In this example, 
electrons move from right to left along the conduction band minimum. Note the Schottky energy barrier at the CIGS/CdS 

interface. Figure from [68] 

 Solar cells with p-type absorbing layers (such as CZTS) operate when an incident photon with 

sufficient energy (energy greater than the band gap of the absorber material) excites an electron from 

the valence band to the conduction band, generating an exciton, which is a locally bound electron-hole 

pair. The hole and electron separate, and the now-mobile electron diffuses through the absorption 

layer, until it reaches the depletion region of the p-n junction, where it is influenced by the electric field 

and drifts into the n-type material. Once clear of the n-type side of the depletion region, diffusion again 

takes over and the electron will make its way to a conducting layer which is connected to an external 
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electrical circuit, resulting in a current. Concurrently, mobile holes from the exciton will diffuse to the 

back contact where they will recombine with electrons supplied from the external circuit.  

 While the electrons and holes diffuse through the absorber layer, there is opportunity for an 

electron and hole to interact and recombine. This is a statistically driven process – some recombination 

is inevitable, but it can be minimized by engineering a material with certain properties. An absorber with 

high carrier mobility allows carriers to diffuse and drift more quickly, so electrons and holes will be 

separated more efficiently and be less likely to interact and recombine. Recombination is especially 

likely at crystalline grain boundaries or point defects, where there is an interruption to the energy band 

structure. Therefore, materials with large, defect-free crystals are desirable to minimize recombination. 

For nanoparticles-based absorber layers, a thermal anneal is often used for densification of the 

nanoparticles into a continuous film, although some processes allow for the deposition of dense 

nanoparticle films without thermal annealing [69].  

Structure of CZTS Solar Cell 

 Solar cells require interaction between multiple layers, with important characteristics in each 

layer and at each interface. This section describes thin film deposition techniques and other properties 

which must be considered for each layer, from the bottom (back contact) to the top contact.  

 The back contact material should have high conductivity and the ability to form a good Ohmic 

interface with the adsorber layer, to minimize series resistance in the device. Molybdenum has been 

used extensively as a back contact with CIGS devices, and the formation of an interfacial layer of MoSe2 

has been shown to enhance Ohmic contact between the materials [64], [70]. Because of the structural 

similarities between CZTS and CIGS, molybdenum is frequently used in CZTS devices as well. However, 

MoS2 has been shown to be detrimental to device performance, unlike the selenide. MoS2 increases 



64 
 
series resistance[71], [72] and forms a second p-n junction at the back contact with a large Schottky 

barrier[73]. This effect is highly dependent on the thickness of the MoS2 layer, so it is possible that rapid 

thermal treatment such as PTP could minimize the formation of MoS2 and not limit device performance.  

CZTS has been deposited for solar cell devices by many different methods, both vacuum-based 

and nonvacuum. Vacuum-deposited CZTS has been fabricated by thermal evaporation[73]–[75] and 

sputtering [53], [76]–[79]. Of particular interest are nonvacuum techniques for deposition of CZTS, 

which could reduce manufacturing costs significantly. CZTS films have been deposited by electroplating 

a metal alloy layer with a post-anneal in sulfur by Lee et al [80]. Shinde et al used a solution-based layer-

by-layer assembly method at room temperature to deposit a CZTS film which was made into a solar cell 

[81]. CZTS  precursors were synthesized using a microwave-assisted batch reaction with a post-

sulfurization treatment by Shin et al [82], and CZTS nanoparticles were directly synthesized by 

microwave heating by Flynn et al [83]. CZTS nanoparticles can be synthesized from a wide variety of 

precursors [84] [85][86]. For example, CZTS nanoparticles have been synthesized from various 

precursors in solvents such as dimethylsulfoxide, oleyamine, and ethylene glycol [87]–[89]. The current 

record efficiency CZTSe solar cell was 11.1% efficient, and was prepared from hydrazine-based 

precursors by the Mitzi group [64]. Typically batch methods are used to synthesize CZTS nanoparticles, 

but recently two studies have demonstrated that continuous flow synthesis can be used to produce 

CZTS nanoparticles [55] [90].  

 For the standard substrate configuration for a CZTS solar cell, a transparent n-type "buffer" layer 

is necessary to form a p-n junction. Cadmium sulfide is a commonly used n-type semiconductor for CZTS 

and other p-type absorbers such as CIS and CIGS. CdS has a band gap of 2.4 eV and is transparent to 

most (77.6% of the solar spectrum [62]) of the photons which could cause excitation in the CZTS layer. 
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CdS is most often deposited in a chemical bath method, where CdS grows heterogeneously on the CZTS 

surface from precursors in an aqueous reaction solution, at 65-80 °C [91]. CdS layers are generally 30-70 

nm thick. The buffer layer is designed to be as thin as possible to minimize series resistance and light 

absorption, while still providing sufficient thickness of the n-type layer to promote electron transport by 

drift.  

 On top of the n-type layer, a wide-bandgap semiconductor such as intrinsic zinc oxide provides 

another buffer layer, preventing shunt paths between the absorber layer and transparent conducting 

oxide (TCO). This layer should be thick enough to uniformly cover topography, but not so thick as to 

insulate the TCO from the other layers [92]. The TCOs collect photogenerated electrons and transfers 

them to the metal top contact grid. Good Ohmic contact can be achieved with aluminum-doped zinc 

oxide, or zinc tin oxide, both of which match well with the intrinsic ZnO buffer layer. The band gap of 

these oxides is very wide (3 eV or greater, absorbing 8.1% of the solar spectrum [62]) so they absorb 

only very high-energy photons.   

 Finally, the metallic top contact minimizes resistive losses and brings photocurrent from the 

solar cell device to an external circuit. Top contacts can be as simple as a drop of solder or conductive 

epoxy, for research-scale solar cell devices, or can be complex grid structures, fabricated by thermal 

evaporation or printing techniques. Silver, aluminum, or nickel-aluminum alloy are commonly used due 

to their high conductivity and relatively low cost. Patterns for the top contact are designed to minimize 

the occluded surface area, in order to maximally expose the absorbing layers.  
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Methods 

Mesofluidic continuous flow reactor 

 The continuous flow reactor is made up of high-temperature polytetrafluoroethylene (PTFE) 

tubing, 1/16” ID. Two ten foot lengths of tubing preheat the reactants and lead to a T-mixer 

(perfluoroalkoxy (PFA), with nylon compression fittings) where nucleation occurs. The mixer is followed 

by a 50’ tube where the growth regime takes place. The main reaction tube is finally connected to a 5’ 

long 1/32” ID polyether ether ketone (PEEK) tube, which acts as a reducing valve to increase the 

pressure drop across the reactor. The PEEK tube also runs through an ice bath to further increase the 

pressure drop by increasing the viscosity of the reactant solution, and also serves to cool the reactor 

effluent to a safe temperature and quench the reaction. The total reactor volume is 42.23mL, composed 

of 12.35mL in the preheating region and 30.88mL in the nucleation and growth regions.  

 Flow in the reactor is controlled with a peristaltic pump (ISMATEC CP-78017) with two peristaltic 

inlet tubes (Viton, Masterflex). Flowrate is set at 1 revolution per 42 seconds, which for 1/16” ID tubing 

corresponds to a volumetric flowrate of approximately 10 mL/hour per tube at room temperature. The 

reactor is heated with a stirred bath of high-temperature silicone oil (DPDM-400, Clearco), at 230°C.  

 Reactants are prepared in triethylene glycol (TEG, Alfa Aesar 99%). All three metal precursors 

are dissolved in one beaker, and the sulfur precursor is dissolved in another. Metal precursors are CuCl 

(0.005 M, Alfa Aesar 99%), ZnCl2 (0.00545 M, Alfa Aesar 97%), and SnCl4 · 5H2O (0.00286 M, Alfa Aesar 

98%). Thioacetamide (0.0226 M, Tokyo Chemical Industry) is used as the sulfur precursor. The reactant 

concentrations were optimized in a previous study to yield particles with a copper-poor, zinc-rich 

composition. Powdered reactants are dissolved by stirring in TEG at 150°C. Thioacetamide dissolves in 

thirty minutes; metal precursors are dissolved overnight.  
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 Prior to pumping reactant solutions though the reactor, the entire reactor volume is primed 

with pure TEG. As the reactant solutions reach the T-mixer, burst nucleation of nanoparticles occurs. 

According to the reaction mechanism proposed by Flynn for this system, copper reacts the most readily. 

Tin and zinc are incorporated more slowly into the particles as growth occurs. Gas is evolved in this 

reaction which results in a controlled segmented flow regime, improving mixing in the liquid phase. 

Some vapor may also be released by the solvent unrelated to the reaction. Residence time in the 

reactor, which changes as vapor is developed in situ, is estimated by measuring the gas and liquid 

volumes and the average fluid velocity, using video of the junction from the reactor tube to the cooling 

tube, shown in Figure 23. For the given reaction conditions, residence time is approximately 75 minutes 

[55].  

 

Figure 23: Image showing the transition from growth region to quenching region of the CZTS reactor. CZTS-containing liquid 
phase and segmenting vapor phase are indicated. 

 After the flow stabilizes and reaches a steady-state, nanoparticle-laden effluent is collected in a 

media bottle. Particles are isolated by a multi-step wash and centrifugation process. 10 mL of reactor 

Liquid phase containing CZTS

Vapor phase
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effluent is mixed with 2 mL of ethanol in a 15 mL polystyrene centrifuge tube, and centrifuged (VWR 

Clinical 200) at 6000 RPM for 20 minutes. The supernatant is poured off, and the remaining particles are 

washed and centrifuged 4 times at 6000 RPM for ten minutes in 5 mL of alternating water and ethanol. 

After the final centrifugation, particles are resuspended in a small volume of ethanol and transferred to 

an evaporating dish where the ethanol is evaporated on a hot plate at 60°C and dry particles can be 

recovered. Typical yield after all processing steps is approximately 1 mg of dry CZTS particles per 1 mL of 

reactor effluent collected. Using a mass balance to estimate yield gives a yield of approximately 80% for 

copper, 20% for zinc, 66% for tin, and 30% for sulfur. Note that this includes loss of particles during 

processing.  

Fabrication of CZTS thin films 

 Dry CZTS nanoparticles are suspended in hexanethiol (Sigma Aldrich) for spincoating, at a 

concentration of 50 mg/mL. The nanoparticle suspension, typically about 3mL, is sonicated thoroughly 

with a sonication probe to break up any aggregated particle clusters. Sonication probe settings are 50% 

amplitude, with a 5 second on/10 second off pulse, for a total uptime of 20 minutes. The vial containing 

the nanoparticle suspension is cooled in an ice bath during sonication to prevent evaporation of the 

solvent due to the sonication energy.  

 CZTS is deposited onto substrates by spincoating (Laurell WS-400BZ-6NPP/LITE). Substrates have 

800 nm of sputtered molybdenum on soda lime glass. Prior to deposition, the substrates are cleaned 

with an acetone, isopropanol, and deionized water rinse, dried with a stream of nitrogen, and then 

treated in a UV/ozone chamber (Novascan PSD Pro) for 15 minutes to make the surface hydrophilic. The 

nanoparticle suspension is pipetted onto the sample surface, and the sample is spun in a two-stage 

program: 15 seconds at 500 RPM and then 30 seconds at 1500 RPM. Four spin coats are applied to yield 
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a film thickness of approximately 1.3 – 1.5 microns. Between coats, the samples are dried for at least 

five minutes on a hot plate set at 90°C. After all coats have been applied, samples are stabilized by a 30 

minute hot plate anneal in a N2 atmosphere at 400°C.  

Analysis Methods 

Scanning Electron Microscopy  

 Scanning electron microscopy (SEM) was used to image the films in this study. SEM images were 

primarily used to inspect nanoparticle film morphology. To prepare samples for SEM imaging, samples 

are fixed to a metal stub using conductive copper or carbon tape. The metal stub are held in the SEM 

chamber on a grounded mount. Samples must be grounded during imaging to prevent charging, or 

buildup of electrons from the imaging beam, so conductive tape is used to connect the Mo layer on CZTS 

samples to the metal sample stands. 

 Two SEMs were used in this study. The FEI Quanta 600F has a large sample chamber capable of 

holding up to 16 small samples, or 4 large microscope slides at once. It is also equipped with an 

attachment for energy dispersive X-ray spectroscopy (EDX or EDS), which can give elemental 

composition information. The FEI NOVA NanoSEM has a smaller sample chamber. It also features an EDX 

attachment, as well as a through-the-lens (TTL) electron detector, which enables high-resolution (over 

100,000x magnification) at very low accelerating voltages.  

Energy Dispersive X-ray Spectroscopy (EDS) 

 EDS is used to identify elemental composition of samples, using an electron beam to eject core 

electrons from sample atoms. High energy electrons, which are provided by the electron gun of an SEM, 

have enough energy to excite an electron away from the inner energy levels (labeled the K level) of an 

atom. When core electrons are ejected, holes are left behind in the core levels, and outer shell electrons 
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decay to recombine with the holes. Electrons may also be ejected from other energy levels as well (the L 

or M levels) [93]. When outer shell electrons decay to fill the holes in the core shells, energy is emitted 

as X-rays. The energy of emitted X-rays is characteristic of each element, and the relative intensities of 

the emitted X-rays allow identification of the elemental makeup of the thin film, as well as the 

quantitative compositional makeup of the thin film, respectively.  

X-Ray Diffraction (XRD) 

 X-ray diffraction is a technique used to characterize crystalline materials where X-rays can 

diffract from crystalline planes within a sample. Electrons density located at atomic centers scatter X-

rays, and when the atoms are arranged in a periodic array, the individual scatter points develop a 

cohesive diffraction pattern. X-rays are used because their wavelength is similar to interatomic spacing. 

 

Figure 24: Schematic of an XRD X-ray emitter, sample, and detector. Figure from [94]. 

 In a polycrystalline sample, crystallites are randomly arranged and oriented, which allows all crystalline 

planes to be uniformly exposed to incident X-rays. At specific diffraction angles 2θ, the pattern of X-ray 

diffraction is cohesive with certain crystalline planes. These angles are given by Bragg’s Law, shown 

below, which relates the X-ray wavelength  with the diffraction angle   and the vector magnitude 
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hkld , where the vector is drawn from the origin of the crystalline unit cell to perpendicularly intersect 

the crystallographic plane [94].  

 2 sinhkld                                                                           (18) 

At certain angles  , constructive interference occurs and the diffracted X-rays are then 

detected as an intensity increase, which can be graphed versus the diffraction angle. These diffraction 

peaks correspond to specific crystalline planes, which are given by their Miller indices. Compounds, or 

specific crystalline structures of compounds, can then be identified by the diffraction angles of each 

peak and their associated Miller indices shown in an XRD pattern. XRD is not completely quantitative in 

identifying a sample; many crystal structures share similar symmetry and layer-to-layer spacing, and 

may not allow for identification of a crystalline structure by XRD alone. A complementary method such 

as Raman spectroscopy can help to rule out uncertainty in identifying crystalline phases.  

 XRD analysis can also be used to estimate crystallite size. At crystallite sizes of less than 

approximately 100nm, XRD diffraction peaks are broadened[95]. The Scherrer equation, shown below 

can be used to estimate the crystallite size from the full width at half the maximum (FWHM) intensity of 

a given diffraction peak. 

 
cos

K

 
                                                                    (19) 

 In the equation shown above,  is the crystallite diameter, K is a constant close to 1 (and in this study 

is taken as 1),  is the X-ray wavelength (Cu Kα radiation, at 1.541 angstroms),  is the FWHM, and   is 

the Bragg angle of the diffraction peak being used for measurement [95]. If possible, peak broadening 

should also account for any instrumental broadening for a more accurate estimation of crystallite size. 
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Raman Spectroscopy 

 Raman spectroscopy is a vibrational spectroscopic technique, where laser irradiation is used to 

impart vibrational energy to the sample. Photons are absorbed by the material and electrons shift to a 

virtual excited state, where they instantly decay and give off a scattered photon. The majority of these 

excitations result in decay to the same energetic state, so the photon given off is of the same 

wavelength as the laser. This mode is knows as Raleigh scattering. If the excited electron decays to a 

discrete level with higher energy than the initial state, the corresponding emitted photon has less 

energy than the absorbed photon, in a mode known as Stokes shift. If an electron is already at a higher 

discrete energy level and is subsequently excited by a photon and decays to the ground, the scattered 

photon has higher energy than the absorbed photon. This scattering mode is called anti-Stokes [96].  

 Scattered photons are collected as the sample is illuminated, and the signal from Raleigh 

scattering is filtered out. The energy shift between scattered photons and the incident photons is 

computed and intensity can be plotted. The energy shift is characteristic of the vibrating chemical bonds 

in a material, and can be used to identify the material [75], [96].  

Results and Discussion 

 CZTS nanoparticles were synthesized using the continuous flow reactor, and the nanoparticles 

were spin-coated onto Mo-coated glass substrates for subsequent thermal treatment. In this study, the 

results of the PTP treatment were characterized using SEM, XRD, and Raman spectroscopy to identify a 

set of annealing conditions which produce dense, single-phase CZTS films suitable for development into 

a solar cell device.  

 PTP anneals are described by the number of 1-second pulses, and the peak power of the pulse. 

Table 3 summarizes the process conditions studied on CZTS nanoparticles films. 
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Table 3: Summary of PTP process conditions. (*) indicates that sample was repeated.  

Sample number Number of pulses Peak power (kW/cm2) 

1 5 2.3 

2 10 2.3 

  3* 20 2.3 

4 40 2.3 

5 5 4.0 

6 10 4.0 

7 20 4.0 

8 40 4.0 

  9* 5 5.2 

10 10 5.2 

11 20 5.2 

12 20 8.0 

13 5 + 5 2.3 + 4.0 

14 5 + 5 + 5 2.3 + 4.0 + 5.2 

 

 Each of the samples from Table 3 was analyzed with SEM, Raman, and XRD to identify the effect 

of PTP annealing. SEM results indicated how much the film had densified, and if cracks or other 

undesirable effects such as delamination or phase separation had occurred. Subsequent figures group 
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annealed samples by the peak power. The same analyses were performed on film of as-synthesized 

nanoparticles, and nanoparticles which had only been subjected to the first 400°C hotplate anneal.   

Analysis of Unannealed CZTS Films 

 As-synthesized nanoparticle films were imaged using SEM, shown in Figure 25. The film is 

slightly porous, but without any significant cracks or bare spots. Features on the order of 50-100 nm in 

diameter are visible in the image, and nanoparticles are agglomerated into large clusters. This is an 

example of a typical film which serves as the starting point for the PTP annealing studies. The XRD and 

Raman spectra of an unannealed sample on a glass substrate is shown in Figure 27, along with reference 

peaks for kesterite CZTS and the major secondary phase, CuS. The relative peak intensities of the major 

CZTS and CuS peaks indicate that CuS is present at very low levels in the sample. The Raman spectrum of 

the unannealed CZTS film has the major Raman peaks of CZTS which are indicated by the dotted lines. 

The Raman spectrum does not indicate significant levels of CuS, indicated by the absence of the peak at 

475 cm-1. On some unannealed samples, a weak peak from CuS at 475 cm-1 developed over time during 

Raman analysis. CuS formation in the CZTS reactor could be due to insufficient residence time, or 

oxidation of the CuCl precursor changing the reactivity of the copper species. XRD and Raman standard 

peaks are taken from [75].  
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Figure 25: SEM image of unannealed CZTS nanoparticle film. 

 EDS analysis of unannealed CZTS on glass was used to determine the elemental composition of 

the nanoparticle film. Film stoichiometry is slightly copper-rich and zinc-poor, which is likely due to some 

CuS incorporation into the film. Carbon and oxygen in the film are from the solvent used for deposition 

of the nanoparticle film and exposure to air. Figure 26 shows the EDS spectrum of unannealed CZTS, and 

Table 4 summarizes relevant metal and sulfur concentrations in the film. EDS analysis was not used for 

annealed films on Mo substrates, because the Mo Lα peak interferes strongly with the S Kα peak. 
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Table 4: Elemental composition of unannealed CZTS nanoparticles films 

Element Atomic percent 

Cu 29.5 

Zn 8.2 

Sn 13.4 

S 47.9 

Cu/(Zn + Sn) 1.30 

Zn/Sn 0.69 

 

 

Figure 26: EDS spectrum of unannealed CZTS nanoparticle film. 

 



77 
 

 

Figure 27: XRD (top) and Raman (bottom) spectra of unannealed CZTS nanoparticle films. XRD reference spectra are 
presented for CZTS and CuS, the major secondary phase, with Miller indices for CZTS. Major Raman peaks for CZTS are 

indicated with dotted lines. 
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PTP Annealing of CZTS Nanoparticles 

 After PTP treatment, all samples were imaged with SEM. SEM images are presented in the 

following figures, grouped by peak power.  

 

Figure 28: CZTS nanoparticle films after PTP annealing with 2.3kW pulses. 

At the lowest peak power density, some change in the film morphology was observed, as shown in 

Figure 28. Some cracking occurred, but the cracks did not appear to extend through the entire film 

thickness. More pulses at this power density led to some recrystallization into larger aggregates, but did 

not fully eliminate pores in the film. XRD and Raman spectra for samples annealed at 2.3kW are shown 

(a) 5 pulse, 2.3kW (b) 10 pulse, 2.3kW

(c) 20 pulse, 2.3kW (d) 40 pulse, 2.3kW

5 μm 5 μm

5 μm 3 μm
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below in Figure 29. XRD results indicate the formation of a Cu3SnS4 phase, except for the highest number 

of pulses where only signal from the Mo substrate is observed due significant thinning of the film. In the 

Raman spectra, CZTS is observed in all samples. In one sample, a signal from MoS2 is observed. MoS2 is 

an undesired phase which can appear at the interface between CZTS and the Mo back contact.  
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Figure 29: XRD (above) and Raman (below) spectra of CZTS nanoparticle films annealed at 2.3kW. In the XRD spectrum, 
reference spectra are presented for the attributed compounds [75]. Dotted lines indicate Mo peaks in the XRD spectrum. 

2.3kW, 5-40 pulses

5 pulses

10 pulses

20 pulses

40 pulses
2.3kWCZTS MoS2
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Figure 30: SEM images of CZTS nanoparticle films annealed at 4.0kW. 

 Films annealed at 4.0kW showed more significant changes in morphology, as shown in Figure 

30. After 5 pulses at 4.0kW, little change occurred in the film. However, 20 pulses causes some 

densification and recrystallization, especially at the very top layer where some cracking occurs. 40 pulses 

results in significant recrystallization, forming a very dense film. However, this also causes phase 

separation and results in nonuniform thickness in places, where nucleation of different phases occurs. 

An anomalous sample annealed with 10 pulses completely delaminated at the Mo-glass interface. In the 

XRD and Raman spectra in Figure 31, the variety of peaks from different phases of copper-tin-sulfides is 

(a) 5 pulse, 4.0kW (b) 20 pulse, 4.0kW

(c) 40 pulse, 4.0kW

5 μm 5 μm

5 μm
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shown, as well as the formation of SnS at the highest number of pulses. The peaks at approximately 26 

and 27 degrees in the 40-pulse sample can be attributed to Cu4SnS4 and Cu3SnS4, respectively [75]. The 

XRD peak at 37 degrees of the 40-pulse sample does not match the common compounds found in the 

CZTS space. It could be the result of an oxide forming when the PTP occurs in atmosphere. Similarly, the 

Raman peak does not match commonly occurring phases and could be the result of an oxide.  
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Figure 31: XRD (above) and Raman (below) spectra of CZTS nanoparticle films annealed at 4.0kW. In the XRD spectrum, 
reference spectra are presented for attributed compounds [75]. Dotted lines indicate Mo peaks in the XRD spectrum. 
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Figure 32: SEM images of CZTS nanoparticle films annealed at 5.2kW. 

 Films annealed at 5.2kW showed significant changes after the treatment, and are presented in 

Figure 32. Even after 5 pulses, recrystallization occurred at the top layer of particles. After 10 pulses, 

islands of different phases began to appear. At this point, the film appears to have fewer large pores. 

After 20 pulses, the film is extremely dense and pore-free, but phase separation has occurred. XRD and 

Raman spectra are shown in Figure 33, and indicate a variety of different phases occurring in the more 

heavily annealed films. While the XRD indicates a large peak normally attributed to CZTS at 28.4 

degrees, it is likely that this peak is actually from Cu2SnS3 or Cu2Sn3S7 which share the same major peak 

(a) 5 pulse, 5.2kW (b) 10 pulse, 5.2kW

(c) 20 pulse, 5.2 kW

5 μm
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[75]. This attribution is supported by the Raman spectra, which show no peak from CZTS, instead 

showing a shift to SnS and CuxSnySz and the fact that other smaller peaks from CZTS do not appear in the 

XRD spectrum. The same XRD peak at 37 degrees and Raman peak at 500 wavenumber from a possible 

oxide contaminant appear in the 10- and 20-pulse samples. No signal is observed in the XRD from SnS, 

while SnS is clearly apparent in the Raman spectrum. This could indicate localization of SnS as well. The 

different results could also indicate layering – a thin layer of SnS could appear on top of the sample and 

be detected by Raman but missed by XRD.  
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Figure 33: XRD (above) and Raman (below) spectra of CZTS nanoparticle films annealed at 5.2kW. In the XRD spectrum, 
reference spectra are presented for the attributed compounds [75]. Dotted lines indicate Mo peaks in the XRD spectrum. 
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Figure 34: SEM images of CZTS nanoparticle films annealed with different peak powers. 

 The final samples in this study were annealed with different settings for groups of 5 pulses each. 

In Figure 34, sample (a) was annealed at 8.3kW for only five pulses. Significant phase separation is 

apparent, and cracks appear which penetrate the full nanoparticle layer. Multistep anneals were 

designed to avoid cracking in the film by staggering the rate of film densification. Sample (b) was 

annealed with 5 pulses at 2.3kW, followed by 5 pulses at 4.0kW. Sample (c) in Figure 33 was annealed 

the same as sample (b), then was followed with 5 additional pulses at 5.2kW. In each of the multi-step 

annealing approaches, small cracks appear, and minor recrystallization is observed at the film’s surface. 

(a) 5 pulse, 8.3 kW (b) 2-step anneal

(c) 3-step anneal
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XRD and Raman spectra for these three samples are shown in Figure 35. Sample (a) has been completely 

depleted of CZTS, while samples (b) and (c) show strong CZTS peaks in the XRD and Raman spectra. 

Some Cu3SnS4 is apparent in the XRD spectra of (b) and (c), but does not appear in the Raman spectra. 

The XRD peak at 37 degrees and Raman peak at 500 wavenumber appears in the 8.3kW sample but not 

in the multi-step samples, indicating that high numbers of intense pulses are required to produce this 

undesired phase. 
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Figure 35: XRD and Raman spectra for CZTS nanoparticle films annealed at different peak powers. In the XRD spectrum, 
reference spectra are presented for the attributed compounds [75]. Dotted lines indicate Mo peaks in the XRD spectrum. 

 Scherrer analysis, discussed in the Methods section, was used to estimate the crystallite size of 

CZTS nanoparticles after PTP treatment at different power densities and number of pulses. The FWHM 

was calculated from the peak at 28.4 degrees, or the (112) peak of CZTS. The analysis was not performed 

for samples which did not show this peak, or for samples where this peak was attributed to copper-tin-

sulfide. The results of this analysis are shown in Table 5 below. The calculated crystallite size for 

untreated nanoparticles is 11.06 nm, which is slightly smaller than demonstrated in [55]. After the initial 
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hotplate anneal, crystallite size is increased to 17.39 nm. Crystallite size increases according to the peak 

power used in the PTP treatment, but does not appear to be related to the number of pulses applied, 

except in cases where higher number of pulses eliminated CZTS. The exceptions to this observation are 

the multi-step annealed films, whose crystallite sizes do not match well with samples from the other 

groups, except for each other. It is possible in these films that recrystallization takes place initially at the 

2.3kW pulses, but the initial recrystallization raises the critical temperature for subsequent 

recrystallization, resulting in less dramatic size increases when the peak power is increased.  

Table 5: Scherrer analysis of CZTS nanoparticles annealed by PTP. Analysis was performed on the (112) peak for CZTS films 
only. NA indicates no (112) peak, or that the (112) peak was attributed to copper-tin-sulfide instead of CZTS. 

Sample # 
Number of 

pulses  
Peak Power 

(kW)  
Crystallite size 

(nm) 
As synthesized  NA  NA  11.06  
400°C hotplate  NA NA 17.39 

1 5  2.3  32.97  
2 10  2.3  31.31  
3 20  2.3  26.00  
4 40  2.3  NA  
5 5  4.0  29.29  
6 10  4.0  NA  
7 20  4.0  51.52  
8 40  4.0  NA  
9 5  5.2  54.67  

10 10  5.2  NA  
11 20  5.2  NA  
12 5  8.3  NA  
13 5 + 5 2.3 + 4.0  38.76  
14 5 + 5 + 5  2.3 + 4.0 + 5.2  36.11  

 

 In several of the samples examined in this study, processing conditions from the PTP indicated 

the suitable conditions for densification of the CZTS film without causing excessive phase separation or 
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physical damage to the film. It appears that fewer pulses, given a reasonable power density, result in 

less dramatic phase separation. However, at the highest power density, major damage was caused to 

the sample after only 5 pulses.  At more moderate power density, phase separation was observed for 

high numbers of pulses, while change in crystallite size was insensitive to the number of pulses.  

Conclusions and Recommendations for Future Work 

 Building from the results of previous work in the Herman lab, CZTS nanoparticles with suitable 

stoichiometry and phase purity were synthesized using a continuous flow reactor. Thin nanoparticle 

films were deposited on Mo-coated glass substrates, forming a system analogous to the substrate, 

bottom contact, and absorber layer in a CZTS solar cell. As an initial step towards fabrication of high-

efficiency CZTS solar cells, the nanoparticle films were treated by PTP by researchers at Oak Ridge 

National Laboratory, and the results of a variety of processing conditions were analyzed. The boundaries 

of an effective processing window were identified by analyzing the results of a wide range of processing 

power and number of pulses applied to the CZTS nanoparticle films. While an optimal set of processing 

parameters was not identified in this phase of the study, important parameters were identified which 

may help in future annealing studies with the PTP tool.  

 For very low processing power, very little phase separation or loss of material was observed in 

the CZTS layer. However, insufficient densification of the nanoparticle films was also observed. For 

higher powers, the amount of phase separation depended heavily on the number of pulses used in 

processing. In some cases, CZTS was completely converted to undesired phases after the PTP anneal. 

The result indicates that the rearrangement of CZTS to other phases is partially dependent on the 

amount of time the film experiences elevated temperatures. For appropriate peak powers, shorter PTP 

pulses could give desirable recrystallization without contributing too much to phase separation.  
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 The collaboration between the Herman lab and ORNL is ongoing. Future work should examine 

the pulse width in PTP applications, as well as peak power and number of pulses. Because phase 

separation appears related to the number of pulses, it is possible that fewer short, intense pulses from 

the PTP could give optimal recrystallization and densification without allowing time for atoms to 

separate into undesired phases. Additionally, it could be advantageous to compare the result of the PTP 

annealing with more traditional annealing approaches, with the same CZTS nanoparticle starting 

material. If a similar process window is identified using traditional annealing systems, the PTP anneal 

could be adjusted to more closely match parameters such as peak temperature or total heat flux. Finally, 

work will continue in optimization of the CZTS continuous flow reactor to increase material output and 

to improve run-to-run uniformity in phase and stoichiometry.  
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