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SUMMARY 

 

 Electronics materials and especially electronics materials for flexible electronics are of increasing interest 

in numerous applications from wearable health monitoring, displays, and consumer electronics to structural health 

monitoring and energy harvesting. Deposition of materials with desired thickness and composition through scalable 

processes is vital to ensure flexibility, device functionality and translation to commercial processes. Graphic 

printing techniques and atomic layer deposition (ALD) were utilized to deposit these materials. Graphic printing 

techniques are of interest for large-scale fabrication where low-cost is the primary driving force, thick films are 

desirable and constraints on device performance are relatively relaxed. Whereas ALD is used for large-scale 

fabrication when film quality, device performance, and device reliability are paramount, thin films are desirable 

and cost is less of a concern. This thesis focuses on materials deposited using these two techniques for fabricating 

electronics and characterization of the materials and devices. 

Graphic printing, specifically screen printing, was used to deposit carbon and silver inks for fabrication of 

strain gauges for structural monitoring. The effect of different ink compositions from 100 wt.% silver ink to 100 

wt% carbon ink on the gauge sensitivity and linearity was investigated. Resistance measurements indicated a 

percolation threshold of approximately 40 wt%.carbon ink. At this percolation threshold, gauge sensitivity was 

approximately 66, whereas for the two pure inks, 100 wt.% silver ink and 100 wt.% carbon ink, gauge sensitivity 

was approximately 11 and 8, respectively. The linearity of the gauge response was found to depend mainly on the 

gauge resistance as gauges with low resistance were more affected by slight variations in probe placement. Variation 

in resistance was largest near the percolation threshold and was attributed to the sensitivity of the gauges to slight 

changes in composition at this region. While variation in gauge response was largest for 30 wt.% carbon gauges. 

This variation was attributed to variation in probe placement and limited miscibility of the inks near this region as 

agglomerates of silver ink were visible with optical microscopy. 

Along with strain gauges composed of mixed inks, gauges composed entirely of carbon ink and arrays of 

strain gauges were studied. The gauges and arrays were studied to determine their suitability for large-area structural 

monitoring. In this effort, two carbon inks were studied for the use as the gauge element. In addition to the strain 
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gauges, screen printed transistors were studied for use as switches in the strain gauge arrays. Strain gauges were 

characterized via cross-sectional scanning electron microscopy (SEM), their resistance values, change in resistance 

with strain and fatigue, and change in resistance with temperature. For the first carbon ink, DuPont 7082, tensile 

testing showed the gauges exhibited a maximum strain level greater than 0.9% strain. Fatigue measurements showed 

the same linear response and sensitivity after 100,000 cycles of loading at 0.2% strain. Resistance versus 

temperature measurements found a temperature coefficient of resistance of ~2.4 x 10-3 K-1 at room temperature. 

Cross-sectional SEM showed a void-free microstructure of the carbon ink, indicating its suitability for strain 

applications. However this carbon ink, DuPont 7082, had too high of resistance to be used in the strain gauge arrays 

and therefore, DuPont 7102 carbon ink was used. Gauges of DuPont 7102 carbon ink were characterized via cross-

sectional SEM, their resistance, resistance variation across the array of 64 strain gauges, and change in resistance 

with strain and temperature. Cross-sectional SEM images showed that gauges of this ink also had void-free 

microstructures. Through optimization of the printing procedure, the resistance tolerances of the gauges were 

reduced to ~20%. The gauges were found to exhibit linear responses to strain with gauge factors of ~18.8. The 

temperature coefficient of resistance of the ink was measured to be ~0.26 x 10-3 K-1.  Transistors were evaluated by 

examining their microstructure with cross-sectional SEM and measuring their I-V characteristics before and after 

strain. Additionally, the effect of several process changes on the reliability of the printing process were investigated. 

Mechanically flattening the first silver ink layer was found to reduce the number of short circuits. Optimizing the 

dielectric thickness increased the on-off ratios of the transistors and printing on alumina coated PET increased the 

on-current. However, transistors were damaged under strain and fatigue. This damage was attributed to the brittle 

nature of the alumina coating and poor adhesion of the semiconductor to uncoated PET substrates.  

Subsequent research shifted to the use of ALD for materials deposition. Platinum and titanium dioxide were 

deposited onto collagen membranes for biosensor and electrogenic tissue regeneration applications. ALD titanium 

dioxide was deposited using tetrakisdimethyl titanium and ozone, while ALD platinum was deposited using 

(Trimethyl)methylcyclopentadienylplatinum(IV) and ozone. The deposited films were imaged using SEM  
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and optical microscopy and were found to conformally coat the fibers of the collagen membranes. 400 ALD cycles 

were found to provide 100% surface coverage. ALD of TiO2 prior to ALD of Pt was found to promote Pt nucleation 

to achieve a continuous film. Resistivity measurements of the Pt films were performed after screen printing silver 

ink contacts onto the films to reduce contact resistance and to prevent damage to the thin Pt films. With 400 ALD 

cycles of Pt and a 9 nm TiO2 layer on collagen, volume resistivity was approximately half of that of 400 ALD cycles 

of Pt directly on collagen. The Pt coated membranes were further characterized by measuring the change in volume 

resistivity versus bending strain. Volume resistivity was found to increase by ~11% and 20% for strains of ~1.5% 

for Pt on collagen and Pt/TiO2 coated collagen, respectively. The larger increase with the TiO2 coating was believed 

to be due to the larger overall thickness of the coating (~37%) or differences in adhesion with the TiO2 coating. 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and X-ray photoelectron 

spectroscopy (XPS) were used to characterize the chemical nature of the collagen sample groups. ATR-FTIR 

showed that the amide functional groups of the collagen film were not affected by the ALD processes. XPS showed 

that the films were metallic Pt, which was consistent with the resistivity measurements. 

Selective atomic layer deposition (SALD) of zirconium oxide (ZrO2) was performed using silicon and 

electroplated copper substrates, tris(dimethylamino)cyclopentadienyl zirconium as the zirconium precursor, and 

ethanol as the oxygen source and reducing agent for the copper substrates. This process selectively deposited ZrO2 

onto the silicon substrates for up to 70 ALD cycles with no deposition onto the electroplated copper substrates, 

where selectivity was determined and quantified using X-ray photoelectron spectroscopy. Selectivity above 70 

cycles was improved through optimization of the initial ethanol reduction step. Changes in selectivity with the 

ethanol treatment were attributed to reduction of copper oxides and byproduct formation from adsorption of ethanol 

on the copper surface. 

After demonstrating SALD of ZrO2 for electroplated copper substrates, selective deposition was further 

studied using chemically mechanically polished copper substrates. Electroplated copper is of major interest for 

interconnects in integrated circuits; however, it must be chemically mechanically polished after deposition to  
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planarize the surface. Therefore, it is vital that SALD of ZrO2 can be performed after the planarization process. The 

copper oxides and chemical species present on the chemically mechanically polished copper after various treatments 

were examined through X-ray photoelectron spectroscopy to explain the differences in selectivity of ALD ZrO2 and 

to better understand the mechanisms for selective deposition. While selectivity for at least 70 ALD has been 

demonstrated for electron beam evaporated and electroplated copper, it has not been demonstrated for chemically 

mechanically polished copper. XPS studies of the substrate indicated that the corrosion inhibitor benzotriazole 

(BTA) was present from the polishing process and was not removed after ethanol treatment. Thus, it is likely the 

main cause of differences in selectivity between the electroplated and chemically mechanically polished copper 

substrates. Additional treatments were used to remove BTA from the surface and improved the selectivity, 

supporting this theory. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Electronics Materials 

Electronics materials are generally classified as materials with desirable properties for use in the electrical 

industries. These can include the materials most commonly associated with electronics such as 

semiconductors, conductors, and dielectrics to polymers, ceramics, and composites used in packaging, 

circuit boards, displays, cables, etc. Due to the ubiquity of electronic devices there is a perpetual demand 

for new and improved materials and processes for their fabrication. Of particular interest are additive 

manufacturing techniques such as graphic printing and processes which reduce the number of fabrication 

steps.  

1.2   Screen Printing 

Screen printing is a graphic printing technique where a thixotropic material is deposited through a screen 

pattern consisting of a thin wire mesh and a polymer coating. The thin wire mesh serves as a support for 

the ink and polymer coating, where the polymer coating serves as a mask restricting the transfer of material. 

This modality allows for numerous materials to be deposited so long as they are formulated into thixotropic 

pastes of suitable viscosity for printing. The inks for screen printing are generally composed of particles of 

the material of choice, a polymer binder, and a solvent. The polymer binder is used to hold the material of 

choice together and adhere it to the substrate. The solvent reduces the viscosity for printing and evaporates 

during heating to produce the cured films.  

1.3 Atomic Layer Deposition 

Atomic layer deposition (ALD) is a technique where vapor phase chemicals called precursors are 

sequentially introduced to deposit various materials. The first precursor introduced reacts with active sites 

on the substrate to deposit an atomic layer of material. Any of the unreacted precursor or byproducts are 

then purged from the reactor and the second precursor is introduced. The second precursor reacts with the 
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active sites from the material deposited by the first precursor and is then purged from the reactor. As the 

precursors only react with the available active sites, the process is self-limiting, and the aforementioned 

steps are repeated sequentially until a desired film thickness is reached. As ALD is a self-limiting process, 

it produces conformal growth, uniform thickness over large areas, and pinhole-free dense films so long as 

there are sufficient active sites and sufficient precursor is used. A diagram of the ALD process is provided 

in Figure 1 and the main steps of the process are shown in this figure. 

1.4 Selective Atomic Layer Deposition 

Selective atomic layer deposition (SALD), as its name suggests, selectivity deposits material using atomic 

layer deposition. To provide selective deposition, SALD generally relies on either area-activation or area-

deactivation. Area-activation SALD primarily relies on formation of a thin layer of the desired material in 

a specific area which provides nucleation sites for the SALD process, while deposition does not occur on 

areas without these nucleation sites. The materials that can be deposited by this approach are fairly limited 

as they must not nucleate on the materials of the non-growth area. Area-deactivation SALD typically relies 

on materials deposited on the non-growth area to prevent deposition while growth occurs on all other areas. 

With careful selection of the deactivating material, numerous materials can be deposited and the most 

commonly used materials to prevent deposition are self-assembled monolayers or polymers. The downside 

of this approach is that the deactivating materials often have low thermal stability and typically must be 

removed after the SALD process, increasing the number of fabrication steps.  
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Figure 1. Diagram of the typical metal oxide atomic layer deposition process. Prior to step one, the substrate is 

covered with active sites. During step one, precursor flows into the reactor for a set period of time and reacts with 

the available active sites on the substrate until the substrate is saturated with the precursor. During step two, 

precursor flow is stopped, and any unreacted precursor and byproducts are purged from the system using an inert 

gas. In step three, an oxidizer flows into the reactor for a set period of time and reacts with the active sites from the 

precursor until all active sites are occupied. Then in step four, oxidizer flow is stopped, and any unreacted oxidizer 

and byproducts are purged from the system using an inert gas. These four steps are repeated cyclically until the 

desired thickness or number of cycles is reached.  
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CHAPTER 2 

 

Screen Printed Strain Gauges and Ink Composition Optimization 

(Previously Published as Anderson, N., Szorc, N. Gunasekaran, V. Joshi S., & Jursich G. (2019) “Highly 

Sensitive Screen printed Strain Sensors on Flexible Substrates via Ink Composition Optimization.” Sensors and 

Actuators A: Physical. 290, 1-7.) 

 

2.1 Introduction 

Strain sensors are in high demand in a vast number of diverse applications ranging from structural integrity 

analysis in automobiles, aerospace vehicles, and civil structures to medical diagnostics with wearable equipment 

and monitoring systems. For resistive strain sensors, the resistance change with strain is used to quantify the amount 

of strain applied. The magnitude of the resistance change with strain defines its sensitivity or gauge factor and this 

is determined by the piezoresistivity of the sensor material along with its geometric dimensions. Commercial 

sensors are often made of either thin metal foil or single-crystal doped silicon. [1–3] For these materials, the 

mechanism of resistance change with strain is quite different, leading to much different piezoresistivity properties. 

For metals, strain leads to small increases in resistance due to electron scattering effects whereas for semiconductors 

such as doped silicon, strain results in changes in the bandgap of the material leading huge influence on resistivity 

and thus high sensitivity. Although semiconductor materials lead to highly sensitive sensors, their applications are 

limited to only rigid frameworks where temperature changes are small, and the rigidity of the semiconductor 

material can be tolerated. Metal foil gauges offer more flexibility but at a price of much lower sensitivity. For a 

comparison, gauge factors as high as 100 were achieved by Smith with single-crystal silicon [1,2] while gauge 

factors of approximately 2 are typically reported for metal foil gauges. [3] 

Recently, interest in strain sensor manufacturing methods has shifted from high-cost vacuum deposition 

and etching processes towards lower-cost graphic printing techniques. This shift is further driven by easy scalability 

of print manufacturing offering large area systems at low cost coupled with advancing technologies of print 

manufacturing. In the past, printed strain gauges have been prepared with numerous different methods using various 

composite ink formulations of conductive particles. Previous printed sensors have gauge factors ranging from 0.35 

[4] to 50,000 [5], with most gauge factors being between 1 and 10, [4,6–20]. Only in the cases of very high strain 
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(> 20%) [5], custom ink formulations [5,21–24] or special gauge preparation [25] are gauge factors greater than 

~30 observed.  Table 1 below summarizes previous literature results on screen printed strain sensors using a variety 

of inks.  

One of the most versatile bench scale printing techniques is screen printing and this is the print method of 

this work. In screen printing, a squeegee is used to transfer material through a screen pattern composed of a thin 

wire mesh and a polymer coating. The polymer coating serves as a mask, restricting the transfer of material and 

creating a patterned deposit, while the mesh serves as a support for the polymer coating and the material to be 

deposited. Using this modality, numerous materials can be deposited so long as they are formulated into a 

thixotropic paste such that they do not readily flow through the screen until a shear force is applied via the squeegee 

[26].   

Printed gauges typically use composite inks composed of conductive particles embedded in either a less 

conductive or insulating polymer matrix. Given that the conductive particles are much more conductive than the 

polymer matrix, the conductivity of the printed material strongly depends on particle loading, particle size, and 

distribution which, in turn, is influenced by strain. For conductive particles within an insulating matrix, the minimal 

volume fraction of conductive particles at which the composite material becomes conductive is termed the 

percolation threshold [26]. The percolation threshold is the point at which electrical conduction transitions from 

passing primarily through a highly resistive polymer matrix composition to the much higher conductive elements. 

Near this transition point, the conductivity of the composite material becomes highly sensitive to factors which 

affect particle distribution such as mechanical strain [27] and as a result strain gauge sensitivity becomes greatly 

enhanced. In fact in some cases gauge factors over 1000 have been reported under strain conditions greater than 

20% [5,25] 

Here we report the averages and relative standard deviations of resistance and strain sensitivity for multiple 

sets of strain gauges prepared by screen printing using mixtures of commercially available conductive silver particle 

and resistive graphite inks. Gauge factors from approximately 8 to 66 are observed with changes in composition 

and inverse relation between sensitivity and repeatability is clearly seen. It is also important to note from this work 

that the changes in gauge factor with composition are more gradual when blending a conductive ink with a resistive 

ink rather than highly insulating polymer ink alone as done in previous work [27]. With more gradual change in 
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sensitivity, one has better manufacturing control when optimizing sensitivity and repeatability of a sensor to a 

particular application requirement thus permitting optimal sensitivity and repeatability of the sensors for a particular 

application.  

Overall, this work demonstrates not only a simple means of enhancing printed strain gauge sensitivity but 

shows the degree of which sensor fabrication repeatability is affected over a large number of printed sensors. 

Further, since readily available ink materials are used in a low-cost, industrially-viable printing process, this 

approach can easily be scaled up for large area strain mapping of low-level strain such as that needed in structural 

health monitoring applications.  
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Sensor Materials Gauge Factor Reference 

Silver Nanoparticle Ink (SG, Central Midori) 

~2-3* 

for 3 to 10%  
[5] 

50,000* 

for 20%  
[5] 

Graphite Ink (26-8203, SunChemical) 600-1600 [25] 

Carbon Black / Polyacrylic Acid 

647  

for -0.06 to -0.13%  
[22] 

33  

for -0.13% to -0.22%  

Single-wall Carbon Nanotube Ink 20-90* [21] 

Silver Coated Polystyrene / Polydimethylsiloxane 

(PDMS) 

17.5  

for 0-10%  
[23] 

6.0  

for 10-60%  
[23] 

78.6 

 for 60-80%  
[23] 

Silver Nanowires / Silver Ink (479SS, Henkel) 21-33 [24] 

Silver Ink 28* [28] 

Molybdenum / Poly Butanedithiol 1,3,5-triallyl-

1,3,5-triazine-2,4,6(1H,3H,5H)-trione pentenoic 

Anhydride 

20 [29] 

Graphite Ink (26-8203 from Sun Chemical) 19.3 [30] 

Bi2Ru2O7 (8000 Series, DuPont), RuO2, (8241, 

Heraeus), Bi2Ru2O7 (3414, ESL) 
2.5-16.5 [31] 

1400 Series, DuPont 10-13.4 [32] 

7600 Series, DuPont and 3100 Series, ESL 1.2-12.3 [33] 

Carbon Black / Multi-wall Carbon Nanotubes / 

PDMS 
12.25 [34] 

Carbon Ink (7082, DuPont) 8.8 [10] 

RuO2 (HS8000 Series, Heraeus) 8.7 [7] 

Silver Ink (CI-1036, ECM), Carbon Ink (CI-2051, 

ECM) 
6, 7 [16] 

Silver Ink (PF-050, Henkel), Carbon Black Ink 

(PR-406B, Henkel) 
1.85, 4.9-6.4 [14] 

Silver Ink (PF-050, Henkel), Carbon Ink (PR-

406B, Henkel) 
1.74, 4.30 [17] 

Multi-wall Carbon Nanotubes / Polyvinyl Alcohol 0.5-3 [13] 

Graphite Paste (FTU-165, Asahi Chemical) 2.99 [15] 

Carbon Ink (7082, DuPont) / PDMS 0.85, 2.48 [18] 

Silver Nanowires / PDMS 0.7 [19] 

Aluminum Paste 0.5* [20] 

Carbon Ink (7082, DuPont) / Silver Ink (5028, 

DuPont) Mixtures 

8-66 

depending on 

composition 

this work 

TABLE I. COMPARISON OF GAUGE FACTORS, AND MATERIALS FOR SCREEN PRINTED STRAIN 

SENSORS REPORTED IN LITERATURE. *GAUGE FACTORS APPROXIMATED FROM FIGURES.   
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2.2 Methods and Materials 

2.2.1 Strain Gauge Printing 

Mixtures of a carbon graphite particle based resistive ink (DuPont 7082) and a silver particle conductive 

ink (DuPont 5028) were manually screen printed onto 5 mil thick polyethylene terephthalate (PET) sheets using a 

Gold Print SPR-25 screen printer, 70 durometer (Shore A) squeegee blades, a printing offset of 3 mm, and an 

approximate printing speed of 3 cm/sec. This printing was done at room temperature (~20 °C), with a squeegee 

angle of ~70 degrees. The graphite based ink contains micron size graphite particles dispersed into a proprietary 

polymer and solvent mixture which exhibits an overall viscosity of 210-260 Pa s, yielding printed films with sheet 

resistivity of ~ 400 ohm/sq/mil sheet [35]. The silver particle ink contains 5-10 m silver particles dispersed in a 

polymer-solvent mixture with an overall viscosity of 15-30 Pa s, yielding printed films typically of 25 µm thickness 

with sheet resistivity of < 12 milliohm/sq/mil [10,36]. Mixtures of these two inks exhibited similar viscosity during 

printing such that no changes to the printing process were required. Prior to printing, the substrates were cleaned 

with isopropanol and then heated to 105 °C for two hours to reduce shrinking of the substrates during thermal curing 

of the inks. Mixtures of the two inks varied from 0 to 100 wt. % carbon ink. The ink mixtures were first printed and 

then dried for two hours at 105 °C. Contact traces to the printed gauges were then screen printed with the same 

silver ink (DuPont 5028) and subsequently dried for 75 minutes at 105 °C. All thermal drying was done in a box 

oven under 15.6 L/min filtered air flow. The screens for both printed gauges and contact traces had wire diameters 

of 228.6 µm with 325 wires per inch set at a mesh angle of 45°. The printed sensors had lengths, widths and line 

widths of 1.06, 0.80, and 0.11 centimeters, respectively with a tension of 27 Ncm. Commercial constantan (Cu-Ni) 

gauges, KFH-20-120-C1-11L1M2R from Omega, were used for comparison to the printed gauges and had lengths, 

widths and line widths of 2.007, 0.305, and 0.025 centimeters, respectively. An image of one set of four printed 

strain gauges and a diagram of the overall printing process is shown below in Figure 2.  

2.2.2 Electromechanical Measurements 

The resistances of the printed and commercial gauges under strain were measured using a B&K 5491B 

Precision Multimeter which had an uncertainty of ~2% or less for all resistance measurements. Strain was induced  
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Figure 2. (a) Optical image of one set of four printed strain gauge patterns which used 60 wt.% carbon ink for the 

gauge elements and (b) a diagram of the strain gauge printing procedure. 
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by taping the gauges to surfaces with different curvatures, ranging from a flat surface, to a radius of curvature of 

0.628”. Strain from the curvature was calculated using Equation 1. In Equation 1, y is the distance from the neutral 

axis to the top of the gauge layer, assumed to be equal to half the thickness of the substrate (t), plus half the gauge 

thickness (g). ρ is the radius of curvature of the substrate calculated as equal to the radius of the curved surface plus 

half the thickness of the substrate (t) and half the thickness of the gauge (g). Here we are assuming that the printed 

gauges have approximately the same modulus of elasticity as the PET substrate, where the ink is ~5 µm thick and 

the PET is ~127 µm thick. Compared to assuming the gauge has negligible effect on the strain, this assumption 

results in only ~4% increase in the strain. We believe our gauges have a modulus lower than the PET substrate and 

that this assumption is a slight overestimation of the strain and underestimation of the gauge factors, which serves 

as a worst-case scenario. A diagram of the strain induced by the curved surfaces is shown in Figure 3. Gauge factors 

were calculated using linear regression to fit the resistance versus strain data according to Equation 2, where R0 is 

the unstrained resistance, R is the resistance after straining, and ε is the strain. 

𝑆𝑡𝑟𝑎𝑖𝑛 𝑓𝑟𝑜𝑚 𝐶𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 (𝜖) =
𝑦

𝜌
=

𝑡 + 𝑔
2

𝑟 +
𝑡 + 𝑔

2

     (1) 

𝐺𝑎𝑢𝑔𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =
(𝑅 − 𝑅0)/𝑅0

𝜀
      (2) 

2.2.2 Optical Microscopy 

After performing electromechanical measurements, optical microscopy images of each ink composition 

were acquired using a Keyence VHX6000 optical microscope at 500x magnification.  

2.3 Results 

2.3.1 Strain Gauge Resistance 

The average resistance of eight identical gauges printed with the same screen pattern but different 

compositions are shown in Figure 4. The average resistance of these gauges changes only slightly with composition 

from 0 to 40 wt. % carbon ink. In this region, the conductivity is governed by the silver particles and the resistance 

remains quite low. However, at around 40 wt. % and higher carbon ink composition, the silver particle density 

becomes too low to maintain conductivity by itself, and as a result, an abrupt increase in resistance is observed. In 

this region, conductivity is now supported by the carbon particles of the ink mixture and as carbon content increases 

further, there is even less contribution of conductivity from the silver particles and the resistance increases linearly  
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Figure 3. Diagram of strain due to curvature, where y is the distance of the top of the gauge element from the 

neutral axis, NA is the neutral axis, and ρ is the radius of curvature. 
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Figure 4.  Average resistances versus gauge composition shown as weight percent carbon ink. The bottom portion 

of the graph indicates the standard deviation of the resistances from eight gauges of each composition. 
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with composition as typically observed with blending of other resistive inks [35]. At around 40 wt. % carbon ink 

the percolation threshold is reached where the majority of conductivity appears to transition from the silver particles 

to the carbon graphite particles pathways. Since the ink mixtures contained highly conductive silver containing and 

less conductive (resistive) graphite ink components, this change in conductivity from one component to another is 

not as pronounced as in previous work with Ag/silica composite strain gauges fabricated using a sol-gel method 

with ultraviolet photoreduction [27]. Nevertheless, the resistance near the percolation is highly sensitive to variation 

in composition, evident from the slope of this region, where compositional changes of as little as 5 wt.% can change 

the resistance by as much as factor of 50. 

2.3.2 Strain Gauge Sensitivity 

A typical plot of relative resistance change versus strain is shown in Figure 5 below for a few individual 

strain gauges printed from different ink compositions along with that from a commercial Cu-Ni foil gauge.  

The response of these strain gauges is linear out to ~4100 microstrain and large differences in strain response can 

be seen depending on the composition. In this study, eight gauges of each composition were evaluated (80 gauges 

in all) and resistance with strain was measured over seven different strains for each gauge. The gauge factor of each 

gauge was determined by performing linear regression with zero y-intercept constraint on the relative resistance 

change over strain from curvature for each individual gauge and then averaged over sets of eight identical gauges. 

Table 2 summarizes these averaged results along with averaged correlation coefficients from the regression 

analyses. For comparison, the table also includes previously determined averaged zero-strain resistances. Overall, 

the gauges were observed to have linear responses to strain within the scatter of the data. Gauge factors with lower 

averaged correlation coefficients was due to more random scatter in the data. This occurred more with the higher 

conductive gauges (Constantan foil and 0 wt. % to 35 wt. % carbon ink) and is believed to be due to slight resistance 

variations with probe contacts which becomes significant when measuring small changes of low resistance values 

of ~100 ohms or less. In addition to probe contact variability, the low resistance measurements have greater 

uncertainty from the multimeter measurements (up to ~25 % for Constantan foil and the 0% carbon ink mixture).  

In principle, the measurements on high silver containing gauges can be improved with alternate probe contacts and 

detection electronics; however, these gauges are of less interest in the present study due to their relatively low 

sensitivity and higher current requirements. 
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Figure 5. Relative change in resistance versus strain for 0, 40, and 100 wt. % carbon ink gauges along with a 

commercial constantan strain gauge, with linear regression fits for set of resistance-strain measurements with each 

gauge using a zero y-intercept constraint.   
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All Ink 

Compositions 

Expressed as % 

Carbon Ink 

Average Resistance 

with no applied strain 

[Ω] ± Std. Dev(%) 

Average Gauge Factor 

± Std. Dev(%) 

Average Correlation 

Coefficient 

Constantan 

(Cu-Ni) 
120.44 ± 0.03 2.0 ± 40.0 0.964 

100% C 522,925 ± 19.6 7.9 ± 0.6 0.986 

80% C 320,775 ± 17.3 20.8 ± 21.8 0.993 

60% C 237,375 ± 51.1 42.6 ± 9.6 0.987 

55% C 117,330 ± 21.4 48.2 ± 12.7 0.986 

50% C 141,519 ± 25.1 39.5 ± 42.4 0.987 

45% C 47,746 ± 23.3 58.2 ± 17.9 0.987 

40% C 4,844 ± 114.7 65.9 ± 45.8 0.959 

35% C 85.1 ± 44.0 8.6 ± 18.0 0.856 

30% C 44.4 ± 16.7 5.8 ± 67.2 0.700 

0% C 3.3 ± 13.2 10.9 ± 39.9 0.878 

TABLE 2.  AVERAGE RESISTANCES, AVERAGE GAUGE FACTORS AND AVERAGE CORRELATION 

COEFFICIENTS FROM LINEAR REGRESSION ANALYSIS FOR EIGHT GAUGES OF EACH 

COMPOSITION AND FOUR COMMERCIAL GAUGES (CONSTANTAN (CU-NI) GAUGES, KFH-20-120-

C1-11L1M2R FROM OMEGA). 

 

 

 

 

 

To further illustrate ink mixture composition influence on gauge strain sensitivity, the average gauge factors 

are plotted over ink composition along with their relative standard deviations and illustrated in Figure 6 below. 

Only slight change in sensitivity was observed between 0 and 35 wt. % carbon ink; however, a significant increase 

in gauge factor from 8.6 to 65.9 was observed between the narrow composition range of 35 to 40 wt. % carbon ink. 

At 40 wt. % carbon ink, it is believed that the conductivity is still dominated by the silver particles but with minimal 

required volume density and so under strain, large changes in resistance are observed as the volume density of 

conducting silver particles decrease below its percolation threshold and the conductivity becomes dominated by the 

more abundant graphite particles in the carbon ink. Above 40 wt. % carbon ink, the sensitivity decreased 

approximately linearly with increasing carbon content to a gauge factor of 7.9 for the pure carbon ink gauges. It is 

interesting to note that the gauge factor of 7.9 observed here for the 100 wt % carbon ink is quite similar to the 

observed gauge factor of 8.8 using the same carbon ink but different strain gauge dimensions [10]. In this 

composition region (above 40%) there is a gradual decrease of strain sensitivity with increasing carbon ink content. 

Based on these results, it appears sensitivity of a printed carbon ink strain gauge can be enhanced by factor or 7 – 8 

by the simple ink mixing with a miscible silver conducting ink. Based on percolation theory, much greater  
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Figure 6. Average gauge factors versus gauge composition shown as weight percent carbon ink. Error bars and the 

bottom portion of the graph indicate the standard deviation of the gauge factors from eight gauges of each 

composition. 
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sensitivity enhancement is possible as one approaches closer to the percolation threshold and have conductive 

particles in a more insulating matrix. However, there is a practical limitation to consider here as well and that is, as 

one approaches percolation threshold, the manufacturing reproducibility of the gauges becomes much more 

stringent on fabrication process controls of ink mixing accuracy and consistency of the printing process itself.  

In this work there is a more gradual change in strain sensitivity with composition since conductive inks are blended 

with resistive ink rather than insulating inks. With this approach, the control of gauge ink composition becomes less  

critical and more readily achievable than in other works where insulating and conducting composites are used [27]. 

To examine the compromise between repeatability and enhanced sensitivity together, the standard deviations of 

averages are examined in greater detail in the next section. 

2.3.3 Strain Gauge Variability 

An important factor in strain gauges particularly in large area strain mapping is the consistency of sensitivity 

of individual gauge elements in the array. This aspect, although critically important in strain mapping, is often not 

well addressed in prior studies involving highly sensitive strain gauges based on composite materials near-

percolation threshold. As seen in previous section, sensitivity is significantly enhanced when approaching the 

percolation threshold; however, along with that enhancement is the need for more stringent control of the strain 

gauge composition and printing process. That is to say, there is a trade-off between sensitivity and reproducibility 

of fabrication. To demonstrate this further based in this work, standard deviations from the average of eight printed 

gauges are determined for each of the different ink compositions as a means of assessing variability of both 

resistances and gauge factors of the printed gauges. In Figure 3, the standard deviations of average resistance 

measurements appear to peak sharply near the percolation threshold of about 40% C ink. Note how the resistance 

variation remains around 20% for most of the ink compositions except at the percolation threshold region. This is 

consistent with our previous work [10] where strain gauges were printed from 100% carbon containing ink only. 

The resistance variation of the printed gauges is believed to be due to thickness variation as printed linewidths 

showed far less variation while the sensitivity variation is thought to be result of differences in particle distribution 

in the ink mixtures [10]. Optical microscopy images of the ink compositions are shown in Figure 7. These images 

were taken after straining the gauges and no damage in the microstructure was noted. At high carbon concentrations 

and for pure silver ink, the gauges appear well homogenized. However, for ink mixtures with carbon ink  
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Figure 7. Optical microscopy images of the ink that composes the gauge element of our strain gauges at 500x 

magnification. The text in the upper left hand corner of each image refers to the weight percent carbon ink used.  
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concentrations between 30 and 45 wt.%, agglomerates of silver ink on the order of tens of microns in diameter are 

visible. Thus, the main sources of fabrication variation in this work are believed to be difficulties in homogenizing 

ink mixtures with high silver content with these two specific inks, and repeatability of printing, namely printing 

speed and screen deflection. 

In comparison, the standard deviations of averaged gauge factors shown in Figure 6 appear to increase 

more gradual and peak for the ink mixture of lower carbon ink content of ~30%. However, this difference needs be 

viewed with care as lower resistance measurements have greater measurement uncertainties which contribute 

significantly more for gauge factor determination. Another additional uncertainty at the low carbon ink 

compositions is that there may likely be more limited miscibility of these two inks. For the low carbon ink 

compositions striations were visible in the ink during printing and agglomerates of silver ink were visible in 

microscopy images as shown in Figure 7. This leads to less uniformity of the ink mixture resulting in differences 

in particle distribution and greater variability in the measured gauge factors. None the less, the main points to realize 

in the comparing these results is that gauge factor variability will maximize near the percolation threshold and there 

is a practical limit how much sensitivity enhancement one gains with the ink mixtures which will be defined by the 

degree of process control for ink blending and printing processes. Based on these studies, it appears better to 

formulate ink mixture on the higher resistance side of the percolation threshold. Upon further inspection of the data 

in the bottom section of Figure 6, it appears that the gauge factor can be increased to around 60 with the simple 

blending of Ag ink and still attain standard deviation of about 20% or less. It is expected that with more automated 

process equipment providing tighter control of ink formulation and printing, higher sensitivity would be achievable.  

2.4 Conclusions 

In this study, we present multiple replicate sets of fully printed strain gauges with enhanced sensitivity by 

preparing resistive-conductive ink mixtures near the percolation threshold and show how this sensitivity 

enhancement influences printing repeatability. Gauge factors as high as 66 were measured for gauges with mixed 

ink composition nearest to the percolation threshold, and in comparison, gauge factors of 8 and 11 were observed 

for gauges prepared from pure carbon and silver based inks, respectively. While the largest gauge factor measured 

was near the percolation threshold of 40 wt. % carbon ink, there is significant variation in gauge response near this 

region of 46% which may limit usefulness in practical applications. Within a constraint of 20% standard deviation 
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of response, gauge factors of 43 to 49 were measured using 55-60 wt. % resistive carbon ink mixed into a conductive 

silver ink. It is anticipated less variation can be achieved with a more automated printing process. By blending 

resistive and conductive inks together, the change in sensitivity is more gradual and thus more process controllable 

for better optimization of sensitivity enhancement and printing repeatability for a particular application. 
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CHAPTER 3 

 

Screen Printed Carbon Strain Gauges, Strain Gauge Arrays, and Screen Printed Transistors 

(Previously published as Joshi, S., Bland, S., DeMott, R., Anderson, N., & Jursich, G. (2017) “Challenges and 

the state of the technology for printed sensor arrays for structural monitoring.” SPIE: Industrial and Commercial 

Applications of Smart Structures Technologies. 10166, 101660H. and as Zhang, Y., Anderson, N., Bland, S. Nutt 

S., Jursich, G., & Joshi, S. (2017) “All-printed strain sensors: Building blocks of the aircraft structural health 

monitoring systems.” Sensors and Actuators A: Physical. 253, 165-172) 

 

3.1 Introduction 

As aviation technology advances so does the need for low-cost, large area structural health monitoring 

systems for maintenance of existing in-service aircraft, development of newer prototype vehicles and new aircraft. 

Two specific applications for structural health monitoring would be in operation of unmanned air vehicles (UAVs) 

and more cost-effective maintenance of aircraft in the field, so that maintenance schedules can be based on condition 

of critical components of aircraft rather than time-usage intervals. More specifically, Naval Air Systems Command 

(NAVAIR) expressed interest in real-time spatial strain monitoring for unmanned aerial vehicles (UAVs) and to 

store such information in an on-board computer system for data logging and establishing condition-based 

maintenance (CBM) of their aircraft. This requires a strain sensor monitoring system that is low-cost and flexible. 

While strain sensing arrays of various materials have been prepared previously, they have been prepared primarily 

using conventional microfabrication processes [37–41]. These processes limit the scalability, increase the cost and 

limit the flexibility of the arrays. Furthermore all-printed arrays of strain gauges or strain gauges and transistors 

have not been reported in literature. Therefore, the focus of this work was on using low-cost printing processes to 

fabricate and demonstrate an advanced thin-film, flexible strain sensing system. This system could easily be applied 

to contoured surfaces of critical structural components of aircraft and yet easily interfaced with existing on-board 

computer systems. A diagram of the proposed system is shown in Figure 8.    
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Figure 8. Diagram of the proposed system for structural monitoring of aircraft. 
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The most critical component of the strain sensing system is the sensor itself. These sensors are devices 

capable of reproducible changes in either electrical or optical characteristics in response to mechanical strain, which 

for one dimension is represented by the ratio of ∆L/L, where ∆L is the change in length from an applied force and 

L is the unstrained length. In the case of electrical resistance sensors (or piezo-resistive sensors), the sensitivity is 

expressed in terms of gauge factor (GF), defined as fractional change of resistance over strain or (∆R/R)/(∆L/L).   

As to sensor materials, many innovative technologies and functional materials have been explored over the 

last several years to develop strain sensors with low-cost printing techniques. Many of the screen-printed gauges 

have been presented in the literature review in the previous chapter (Table I). However, printed gauges have not 

been fabricated into large arrays suitable for structural health monitoring. Among the classes of functional materials 

there are metals such as Ag, Au, various alloys, semiconductors such as Si, ITO, Ge, and dielectric-metal 

composites. All of these have been examined as strain sensors. Of these different classes of sensor materials, metals 

typically have the lowest strain sensitivity but low transverse strain sensitivity and relatively low temperature 

dependence. Whereas semiconductors typically have the highest sensitivity to strain but typically have the highest 

temperature dependences and are rigid unless fabricated into delicate, extremely thin sub-micron thicknesses. 

Lastly, resistive strain sensors made of dielectric-metallic composites can have high sensitivity to strain depending 

on the composite composition while being easily printable, and have a long, mature manufacturing history in printed 

electronics. 

The complexity of collecting numerous signals from many sensor elements in an array over a large area 

necessitates either very fine conductive lines or signal multiplexing electronics that need to be printed on a flexible 

substrate or structure. For this, transistors or diodes need to be implemented within the strain sensor array. For 

transistors, there are two fabrication approaches; one is the printing of transistors using conductive, semiconductive, 

and dielectric inks which is the most ideal, low-cost manufacturing approach. While an alternate hybrid approach 

is to use small silicon transistors directly bonded onto the screen-printed sensor array. A literature table of printed 

transistors is shown in Table III. While some of the articles included in this table prepared transistors entirely 

through printing methods, printing repeatability, large arrays of transistors, and the effect of strain and fatigue were 

not well studied. From the literature surveyed we selected the methods of Xuan Cao et al. [42] as the basis for our 

transistor printing as the performance of their printed transistors met the requirements of the processing circuitry 
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(on-currents > 10-6 A, on/off current ratios > 103) and little change in transistor performance with bending was 

reported. 
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Transistor Description 
Temp 

(°C) 
Design 

Channel 

Dimensions 

L x W (µm) 
Ion/Ioff 

Mobility 

(cm2V-1s-1) 
Vthreshold 

(V) 
Ref 

SiNx(RF PE-CVD), Cr (evap), 

PE-CVD of SiNx, a-Si:H, and 

n+ a-Si:H, and inkjet CuHx on 

Corning 0211 glass foil 

200 
Bottom gate and top 

contacts 
- > 105 0.3 4 [43] 

PEDOT|PSS(EP), P3BT(spin 

coat), CYEPL(spin coat),  

screen printing of PEDOT|PSS 

on polyimide 

- 
Top gate and bottom 

contacts 

(5-10) x 

(270-3600) 
50 0.04 7 ± 1 [44] 

Ag, PVP, and Pentacene inkjet 

on N-type silicon wafer with 

oxide 

150-

200 

Bottom gate and 

bottom contacts 
50 x 600 1440 0.01 -1.5 [45] 

s-SWCNT(ID) and gravure of 

Ag and BTO on PET 
150 

Top gate and top 

contacts 
85 x 1250 

4.8x103 – 

2.6x105 4.27 ± 1.62 
-2.29 ± 

1.15 
[46] 

Gravure of PEDOT:PSS, 

PTPA2, and P105/PMMA on 

PET 

- 
Top gate and bottom 

contacts 
100 x 45000 < 100 5x10-4 - [47] 

Gravure Ag, PVP, and pBTTT 

and inkjet Ag on PEN 
150 

Top gate and bottom 

contacts and 

Bottom gate and top 

contacts 

15 x ~800 103 – 106 0.06 -4 [48] 

Inkjet Ag and PEDOT:PSS 

and gravure of P3HT and PVP 

on Mylar 

120 
Top gate and bottom 

contacts 
40 x 1500 100 - 0.5 [49] 

Ag|BTO|s-SWCNT(ID) screen 

printed on PET and Si/SiO2 

wafer 

140 
Top gate and bottom 

contacts 
105 x 1000 104 - 105 7.67 - [42] 

s-SWCNT|m-SWCNT| 

BTO/PMMA inkjet on PET 
150 

Bottom gate and top 

contacts 
200 x 4200 102 -103 

0.003 – 

5.24 
-4 - -3 [50] 

TIPS Pentacene|AlNd(PL)|P-

PVP(spin coat)|PVA(PL)|PL-

C(PL) inkjet on PES 

60* 
Bottom gate and top 

contacts 
6 x 236 107 0.24 -2 [51] 

TIPS 

Pentacene:PS|Au:Ti(PL)|PFBT

(ID) inkjet on n++ 

silicon/oxide and Au 

100 
Top gate and bottom 

contacts 
5 - 40 x - 109 0.72 0 [52] 

Material Acronyms 

PET polyethylene terephthalate (substrate) - DuPont 

PEDOT poly(3,4-ehtlyenedioxythiphene)  (drain, source and gate) 

PSS poly(styrene sulfonate)  (drain, source and gate) 

a-Si:H hydrogenated amorphous silicon (active layer / semiconductor) 

CuHx copper hexanoate (contacts) 

P3BT poly(3-butylthiophene)  (active layer / semiconductor) 
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CYEPL cyano-ehtylpullulan   (dielectric / insulator) 

PVP poly(4-vinylphenol) (dielectric /  insulator) 

TIPS Pentacene 6,13-bis(triisopropyl-silylethynl) pentacene (active layer / semiconductor) 

BTO/PPMA high-k barium titanate nanoparticles and poly(methyl methacrylate) (gate dielectric) 

BTO high-k barium titanate nanoparticle ink (gate dielectric) 

s-SWCNT semiconductor single walled carbon nanotubes (active layer / semiconductor) 

m-SWCNT          metallic single walled carbon nanotubes (contacts) 

PEDOT:PSS poly(3,4-ehtlenedioxythiophene):poly(styrenesulfonic acid)  (electrodes) 

PTPA2 amorphous poly(tri-phenyl-amine) (active layer / semiconductor) 

P105/PMMA proprietary butylene copolymer/poly(methyl methacrylate) (dielectric / insulator) 

PEN planarized polyethylene nappthalate (Substrate) - Dupont 

pBTTT poly(2,5-bis(3-tetradecylthiophene-2-yl)thieno[3,2-b]thiophene) (semiconductor) 

P3HT poly(3-hexyl-thiophene)/toluene (semiconductor) 

PES                      polyestersulfone 

P-PVP                  photo-definable poly(4-vinylphenol) 

PVA                     poly(vinylalcohol) 

PL-C                    parylene-C 

PS                        polystyrene 

AlNd                   aluminum neodymium alloy 

Deposition Acronyms 

PE-CVD plasma-enhanced chemical vapor deposition 

RF PE-CVD radio-frequency excited plasma enhanced chemical vapor deposition 

EP electrochemical polymerization 

ID                         immersion deposition 

PL                         photolithography 

TABLE III. SUMMARY OF PRINTED THIN FILM TRANSISTOR LITERATURE WHERE REFERENCES 

FOUR THROUGH NINE WERE CONSIDERED ALL-PRINTED.   

 

 

 

 

 

 

Here we report on strain gauges, transistors and strain gauge arrays prepared via screen printing and 

characterization of the materials and devices. Strain gauges were found to have linear responses to strain with 

longitudinal gauge factors of ~8 for up to at least 1.1% strain. Additionally, the strain gauges were found the exhibit 

the same linearity and sensitivity after 105 cycles at 0.2% strain. Furthermore, these gauges were found to have 

void-free microstructures indicating their suitability for strain applications. Due to the low resistance and fine line 

widths required for the strain gauge arrays, a less resistive carbon ink was used.  

~8” x 10” arrays of 64 strain gauges with locations for 192 transistors and approximately 500 dielectric 

cross-over regions were prepared on polyimide substrates. Through optimization of the printing process, resistance 

tolerances of the gauges in the arrays were reduced to ~20%. The gauges exhibited longitudinal gauge factors of 
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~19 for up to at least 0.25% strain and the ink showed a temperature coefficient of resistance of ~0.26 x 10-3 K-1. 

Similar to the previously prepared carbon gauges, these also showed void-free microstructures.  

Arrays of 55 transistors composed of commercial silver and barium titanate inks and semiconducting single-

walled carbon nanotubes (S-SWCNTs) were prepared on PET and alumina coated PET substrates. The alumina 

coated substrate was found to increase adhesion of the carbon nanotubes thereby increasing the on-current of the 

transistors by ~10,000. However, the off-current also increased and the overall on/off current ratios decreased by 

approximately a factor of 2. The effect of strain and fatigue on the microstructure and performance of the transistors 

was also examined. While transistors with the best performance were prepared on alumina coated PET, this alumina 

coating failed under strain, damaging the transistors. On the PET substrate, transistors were found to debond in the 

channel region likely due to poor adhesion of the carbon nanotubes and the inks printed on top of the carbon 

nanotubes. This debonding led to damage of the transistors under both strain and fatigue. Additionally, the effect 

of some process changes in the transistor performance and printing reliability are presented.   

3.2 Methods and Materials 

3.2.1 Screen Printing of Carbon Gauges 

The first ink selected for the sensor element of the gauges was DuPont 7082 carbon ink and the ink selected 

for the contacts of the gauges was DuPont 5028 silver ink. All screen printing was done using a manually operated 

Gold-Print SPR-25 screen printer. Strain gauges were deposited using 70 durometer (Shore A) squeegee blades, 

and a 304 stainless steel screen pattern with an emulsion thickness of 0.005 inches, a mesh angle of 45 degrees, 325 

wires per inch, and a wire diameter of 0.009 inches. These strain gauges were printed onto 5 mil PET film 

(McMaster-Carr) that had been preheated at 105°C for two hours in a laboratory oven to prevent dimensional 

changes during thermal curing of the ink. The gauge layer was dried for 120 minutes at 105°C to obtain a stable 

resistance from the gauge. Shorter drying times for this ink resulted in resistance values gradually changing at 

ambient and elevated temperatures. The contact layer was dried for 75 minutes at 105°C in order to maintain a 

stable resistance. In this case, resistances were found to decrease by more than 10% with shorter drying times 

indicating insufficient drying time.  
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3.2.2 Screen Printing of Strain Gauge Arrays 

A 64-element strain sensor array was fabricated in four layers via screen printing on 2 mil thick polyimide 

film (DuPont Kapton HN). The sensor components were printed using a resistive, graphite based ink (DuPont 

7102C). The horizontal and vertical traces were printed using a highly flexible silver-based ink (Conductive 

Compounds Ag-530), and the insulator layer was printed using a UV-curable dielectric ink (Conductive Compounds 

UV-2530). To reduce the possibility for short circuits at the cross-over regions, three layers of the dielectric ink 

were printed with partial curing between prints. The carbon ink was dried at 105°C for two hours and the silver ink 

was dried at 105°C for 75 minutes. Thirty minutes into the drying process, the metallic Ag flakes in the silver ink 

were flattened by rolling a 2 kg metal cylinder twice across the partially dried ink. The insulator layers were cured 

with a custom-built UV curing system where the first two layers were each cured for 30 minutes and the third layer 

was cured for 40 minutes. All thermal drying and UV curing of inks were done with addition of 17.8 L/min filtered 

airflow in an enclosed chamber. After screen printing, discrete bare-die transistors were attached using silver 

conductive epoxy which is then dried at ~120°C. A diagram of the fabrication process is shown in Figure 9.  

3.2.3 Screen Printing of Transistors 

Arrays of 55 transistors were screen printed onto mostly 5 mil thick, non-coated PET (McMaster-Carr) and 

in few cases 5 mil thick Al2O3 coated PET (Mitsubishi) substrates. A diagram of the printing procedure is shown in 

Figure 10 and the dimensions of the channel regions of these transistors are given in Table IV. Prior to printing,  

 

 

 

 

 

Transistor 
Row 

Channel 
Length [µm] 

Channel 
Width [µm] 

1 75 1,000 
2 100 1,000 
3 125 1,000 
4 150 1,000 
5 200 1,000 

TABLE IV. CHANNEL DIMENSIONS FOR THE ARRAY OF SCREEN-PRINTED TRANSISTORS 
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the substrates were cleaned with isopropanol and additionally uncoated PET substrates were heated for two hours 

at 105°C.  Printing was done using 80 durometer (Shore A) squeegee blades and screen patterns with mesh angles 

of 45°, 400 wires per inch, wire diameters of 0.0007 inches, and emulsion thicknesses of 0.0002 inches. The 

transistors were printed mainly in top-gate configuration where the semiconductor was printed first directly on the 

substrate followed by source and drain electrodes, gate dielectric layer and the gate electrode last. The 

semiconductor ink that was primarily used was IsoSol-S100 which is a 99.9+% semiconducting single walled 

carbon nanotubes (S-SWCNTs) dispersion in Toluene (NanoIntegris). This solution was deposited onto the 

substrate by either immersion or drop casting. For immersion, the substrate was placed in the solution for up to 120 

minutes, baked at 75°C for 15 minutes, rinsed with toluene and baked at 100°C for an additional 15 minutes. For 

drop casting, 0.5 µl of solution was dropped onto the channel regions, baked at 75°C for 15 minutes, rinsed with 

toluene and baked at 100°C for an additional 15 minutes. The source and drain electrodes were printed using Ag-

530 silver ink (Applied Ink Solutions) which was dried for 10 minutes at 105°C before being mechanically flattened 

using a 2-kg metal cylinder and dried an additional 65 minutes. The gate dielectric layer was printed using two 

layers of the barium titanate ink with a 10 minute 105°C thermal cure between layers and 75 minute 105°C dry after 

printing the second layer. The gate was printed using undiluted silver ink and was dried for 75 minutes at 105°C 

dry.   

Throughout this project numerous transistors were printed, and the printing procedure was modified 

numerous times to try to improve the transistor performance and repeatability. Two important modifications to the 

printing procedure were dilution of the silver ink used for the source and drain electrodes, and dilution of the barium 

titanate ink used for the gate dielectric. These inks were used with many different dilutions in order to identify 

optimal dilution so as to make the print thicknesses as thin as possible without risk of degrading print quality. After 

many trials, 15 weight percent (wt.%) dilution for source and drain electrodes and 10 wt.% dilution for the gate 

dielectric were identified as the most optimal. For both inks, the dilution was done with diethylene glycol ethyl 

ether acetate (Alfa Aesar).   

Another important printing process modification was the use of different surface treatments of the substrate 

prior to printing.  The surface treatments tested in this work were oxygen plasma etching of the substrate and surface 

treating the substrate with 0.01% w/v poly-l-lysine in deionized water (Ted Pella). Oxygen plasma treatment was 
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done for uncoated PET films using a Plasma Etch PE-50 benchtop plasma cleaning system using a gas flow rate of 

10 ccm, pressure of 200 mTorr, power of 100 Watts, and a treatment time of 5 minutes.  Poly-l-lysine was deposited 

by pipetting approximately 5 mL of the solution onto the substrate, waiting for 5 minutes, returning the solution to 

the container, rinsing the substrate with deionized water and drying the substrate with nitrogen. 

Yet another printing process modification that was investigated was increasing the amount of post-rinsing 

of the S-SWCNTs deposited onto the PET films. The amount of rinsing was first done with 5 mL pipette aliquots 

for a total of 20 mL of toluene followed by more extensive rinsing with 50 mL pipette aliquots for a total of 250 

mL additional toluene. In these rinsing procedures, the relative amount of S-SWCNTs remaining on the substrate 

was determined by resistance measurements as the less S-SWCNTs remain, the higher the resistance.    
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Figure 9. Diagram of the screen-printing procedure for preparing strain gauge arrays. The substrate used was 2-mil 

thick polyimide, Kapton HN, from DuPont, the carbon ink used was DuPont 7102C, the silver ink used was 

Conductive Compounds Ag-530, the dielectric in used was Conductive Compounds UV-2531, and the discrete 

transistors were attached using silver epoxy. 
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Figure 10. Diagram of the transistor printing process. The S-SWNCT solution used was IsoSol-S100, 99.9+% 

semiconducting CNTs in toluene (NanoIntegris), the silver inks used were DuPont 5028 and Ag-530 (Conductive 

Compounds), and the barium titanate dielectric ink used was BT-101 (Conductive Compounds). 
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3.2.4 Strain Measurements 

For the strain gauges, tensile strain was applied quasi-statically at a constant rate of 10-4 s-1 to printed gauges 

that had been cut into dog-bone shapes as also shown in Figure 11.  Applied strain was measured via the 

displacement transducer on the micro-tensile module and resistance change was measured using a digital 

multimeter. This same apparatus and setup were used for straining transistors. 

For the strain gauge arrays, resistance of the gauges was measured using a B&K 5491B Precision 

Multimeter under strain-free and induced strain conditions. Strain was induced by taping the gauges to surfaces of 

different curvatures ranging from a flat surface to a radius of curvature of 1.255”.  Strain from the curvature was 

calculated using Equation 1 where y is the distance from the neutral axis to the top of the gauge layer, assumed to 

be equal to half the thickness of the substrate (t), plus half the gauge thickness (g). ρ is the radius of curvature of 

the substrate calculated as equal to the radius of the curved surface plus half the thickness of the substrate (t) and 

half the thickness of the gauge (g). Here we are assuming that the printed gauges have approximately the same 

modulus of elasticity as the polyimide substrate, where the ink is ~5 µm thick and the polyimide is ~50.8 µm thick. 

Compared to assuming the gauge has negligible effect on the strain, this assumption results in only ~10% increase 

in the strain. We believe our gauges have an elastic modulus lower than the polyimide substrate and that this 

assumption is a slight overestimation of the strain and underestimation of the gauge factors, which serves as a worst-

case scenario. Gauge factors were calculated from linear regression of the slopes of fractional resistance change 

versus strain data according to Equation 2 where R0 is the initial resistance, R is the resistance after strain, and ε is 

the strain.  

𝑆𝑡𝑟𝑎𝑖𝑛 𝑓𝑟𝑜𝑚 𝐶𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 (𝜖) =
𝑦

𝜌
=

𝑡 + 𝑔
2

𝑟 +
𝑡 + 𝑔

2

     (1) 

 

𝐺𝑎𝑢𝑔𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =
(𝑅 − 𝑅0)/𝑅0

𝜀
     (2) 
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Figure 11. (a) Micro-tensile measurement apparatus and (b) geometry of dog-bone specimens for tensile testing of 

carbon strain gauges. 
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3.2.5 Fatigue Measurements 

Sensor reliability versus cyclic loading was tested using a fatigue testing frame (Instron 8500) with a cyclic 

load frequency of 5 Hz. Fatigue testing was done with a four-point bending setup with both printed sensors and 

commercial foil gauges attached to an aluminum beam as shown in Figure 12. The thickness to length ratio of the 

aluminum beam in this setup was small enough to assume that bending was uniform between two inner adjacent 

bending pins. The applied strain in this case was determined in real time using commercial reference gauges. This 

same setup was used for fatigue testing of printed transistors. 

3.2.6 I-V Measurements of Transistors 

Current-voltage (I-V) characteristics of transistors were obtained using a three-probe system connected to 

a Keithley 6517A electrometer/high resistance meter and a Keithley 230 programmable voltage source and 

controlled by a LabVIEW (National Instruments) virtual instrument. A diagram of this testing setup is shown in 

Figure 13. 

3.2.7 Microscopy and Profilometry 

Optical profilometry was performed using a Bruker Contour GT-K optical profilometer in vertical scanning 

interferometry mode with 5x magnification. Scanning electron microscopy (SEM) was done using a field emission 

SEM (JELO JEM 7001F) operated at 20 kV.  Cross sectional samples were prepared for SEM measurements using 

an ion polisher (JEOL IB-09010CP). Optical microscopy was performed using a Keyence VHX-600e stereo digital 

light microscope.  

3.3 Results 

3.3.1 Screen Printed Carbon Strain Gauges 

Serpentine-shaped strain gauges were printed with different gauge dimensions. The printed gauges were 

compared in terms of resistivity, sensitivity (gauge factors), and consistency of printing. Figure 14 shows several 

of the different designs which were screen printed with resistive carbon-based inks on PET substrates. Although 

line widths as thin as 125 µm can be screen-printed, gauges with larger line widths were printed with much better   
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Figure 12. Diagram of (a) longitudinal and (b) transverse loading applied with four-point bending for fatigue testing 

of printed strain gauges.  
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Figure 13. Diagram of the I-V setup for characterizing transistors. Electrical potentials are applied from the drain 

to the source and from the gate to the source, and the electrical current is measured between the drain and source. 
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Figure 14. Screen printed strain gauges with line widths ranging from 125 µm to 1,100 µm. 
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consistency and with the least variability for the largest linewidths, ~1,100 µm. Despite this low variability, gauges 

with line widths of ~340 µm were selected for strain and fatigue analysis. This selection was made as gauges with 

smaller line widths occupy less space in an array, increasing the spatial resolution and decreasing the size of the 

array. In general, gauge resistance scaled linearly with gauge dimensions for a given ink as expected, but sensitivity 

of gauges (gauge factor) varied only slightly with dimensions. This is because gauge factors are measured based on 

the relative fractional change of resistance and not absolute resistance.  

Screen-printed gauges exhibited void-free microstructures with no evidence of cracking or damage after 

strain testing as also shown in Figure 15. The void-free microstructure indicates the suitability of these gauges for 

strain applications. Using the micro-tensile strain apparatus, the change in resistance versus strain for the screen-

printed gauges was measured for up to 1.1% strain and is shown in Figure 16. The gauges were found to have linear 

responses to strain, gauge factors of ~8.8 ± 0.3 and no hysteresis. In addition to the strain measurements, fatigue 

measurements were made on screen printed gauges where the gauges were subjected to over 105 cycles at 0.2% 

strain and the results are shown in Figure 17. Strain response of these screen-printed gauges remained linear for 

this testing with no change in gauge factor.     

Given that the carbon 7082 ink used in screen printing yielded promising gauge results for the prototype 

system, the temperature dependence of the ink’s resistance was also measured. These measurements were done 

using a free-standing, thick block of carbon 7082 that has been peeled away from the substrate.  The result of these 

temperature measurements is shown below in Figure 18. The thermal coefficient of resistance was calculated using 

the approximately linear portion of the curve from 25 to 60°C and was found to be 2.4 x 10-3 K-1, which is consistent 

with the general finding that carbon resistance type inks have relatively high temperature dependence when 

compared to foil gauges which have a temperature coefficient of resistance of ~10-5 K-1.[53] This is well understood 

in terms of the conduction mechanism involved in these carbon-based inks. Given the relatively high temperature 

dependence of the resistance of these inks, temperature compensation was integrated into the design of the prototype 

strain sensor array system as a precautionary measure even though temperature dependence of actual gauge factor 

is expected to be less. 
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Figure 15. Microstructure of a screen-printed carbon gauge composed of DuPont 7082 carbon ink with an over-

layer of DuPont 5028 silver ink 

  



41 
 

 

 
Figure 16: Strain response of a screen-printed strain gauge showing (a) the same linear response with tension and 

recovery at 1.1% strain and (b) the same linear response when cycling at different levels of strain up to 0.9% strain.  
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Figure 17. (a) Change in resistance with strain divided by the unstrained resistance vs. tensile strain and (b) gauge 

factor versus loading cycles, showing the same linear response and gauge sensitivity after 105 cycles of 0.2% strain. 
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Figure 18. Temperature response of the DuPont 7082 carbon ink used for the gauge element.  
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3.3.2 Screen Printed Strain Gauge Arrays 

The resistance variation of screen-printed strain sensors over the printed area is primarily affected by the 

mechanics of the screen-printing process. The effect of these mechanics and different printing parameters on ink 

thickness and resistance is well documented in other work [54]. In this work, the squeegee speed and the applied 

force were held relatively constant, while the offset of different areas of the screen was adjusted by adding shims 

under the substrate platform. The offset distance was increased in areas of high resistance and decreased in areas of 

low resistance to reduce the overall variation. The effect of these small adjustments at reducing variation can be 

seen in several ways. Figure 19(a) and Figure 19(b) show color-maps of the resistances from one of our first 

printed strain gauge arrays and a strain gauge array that was printed after several iterations of adjusting the offset 

distances. In these images, the color is scaled from the minimum deviation in resistance from the mean, to the 

maximum deviation in resistance from the mean for each strain gauge array. Color-maps like these were used for 

locating outliers and determining where the offset distance needed to be adjusted. After the offset was adjusted, 

most of the outliers were removed and the remaining resistances were closer to the average. Additionally, the 

average resistance, standard deviation, and deviation of the minimum and maximum from the mean is shown in 

Table V, showing a 10% reduction in the standard deviation, and a 15-25% reduction in the deviation of the 

minimum and maximum from the mean. Although the resistance variations do not greatly affect the gauge factors 

as seen in our previous work [10], less variation simplifies the design of the data acquisition system (DAQ) and 

allows for more sensitive measurements. 

Due to the high variability in resistance of the printed strain elements, it was impractical to use a traditional 

Wheatstone bridge configuration for measuring strain. Instead, the DAQ drives a specified current through each 

strain sensor and then measures the resulting voltages. The resistance can then be calculated and compared with the 

initial resistance value to determine the change due to strain. The benefit of this approach is that it relaxes 

manufacturing tolerance requirements, allowing a wide range of resistances to be used. The main limitation is the 

sacrificed sensitivity of the resistance measurements. Since the voltage across the entire strain element is being 

measured, and changes in resistance due to strain are small, much of the analog/digital converter’s resolution is not 

being efficiently utilized. This is in contrast to a Wheatstone bridge approach, where the bridge output more directly 

reflects the change in resistance and the ADC’s input range can be fully utilized. The ideal situation for the printed  
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Figure 19. Color maps of the deviation of the resistance values of each strain gauge from the mean resistance for 

the sheet of 64 strain gauges. (a) Resistance values prior to optimizing the printing procedure. (b) Resistance values 

after optimizing the printing procedure, where the procedure was optimized by adjusting the distance between the 

screen pattern and the substrate. 
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Average 

Resistance 

[kΩ] 

Standard 

Deviation 

[%] 

Deviation of 

Minimum from 

the Mean [%] 

Deviation of the 

Maximum from 

the Mean [%] 

a 8.11 20.5 37.7 56.7 

b 13.61 10.1 18.9 21.9 

TABLE V. AVERAGE RESISTANCE, STANDARD DEVIATION, AND DEVIATION OF THE MAXIMUM 

AND MINIMUM RESISTANCE FROM THE MEAN FOR (A) ONE OF OUR EARLIEST PRINTED STRAIN 

GAUGE ARRAYS, AND (B) A STRAIN GAUGE ARRAY THAT WAS PRINTED AFTER REDUCING THE 

VARIATION IN OFFSET DISTANCE BETWEEN DIFFERENT AREAS OF THE SCREEN. 

 

 

 

 

 

 

strain sensor would be for the sensor material to be very sensitive to strain and insensitive to all other factors. 

Unfortunately, this is very difficult to achieve with commercial inks. To investigate the effects of temperature on 

the resistance of the carbon ink used for the strain sensors, the temperature coefficient of resistance, α, was measured 

using a cured carbon ink block (36Ω at 300K) that was not attached to a substrate. Temperature was continuously 

recorded using a thermocouple and ink resistance was measured using a B&K 5491B Precision Multimeter. Figure 

20a shows the resistance of the carbon block (36 Ω at 300 K) as a function of temperature.  

The temperature response of the curve was fitted used Equation 1, 

R(Ω) = a0 + a1 ∙ T(℃) + a2 ∙ T(℃)2     (1) 

where 𝑎0=35.9, 𝑎1=1.5x10-3, and 𝑎2=1.6×10−4. 

At room temperature, the temperature coefficient of resistance, α, of the carbon ink is 0.26 x 10-3 K-1. For 

comparison, the temperature response of DuPont 7082 was also measured and is shown in Figure 20b. Using the 

same fitting, the coefficient of resistance for DuPont 7082 inks was found to be 2.4 x 10-3 K-1. The larger temperature 

coefficient of resistance for DuPont 7082 was suspected to be due the different carbon particles in this ink. DuPont 

7082 uses carbon black particles while DuPont 7102 uses graphite particles which are larger and more conductive.  

The linear coefficient of thermal expansion is usually on the order of 10-6~10-5 K-1 [55]. Therefore, the temperature 

coefficient of resistance divided by the gauge sensitivity is the dominant factor in the temperature sensitivity of the 

carbon-ink sensors.[56,57]  The temperature sensitivity of the carbon ink is a material-related property and therefore 

must be compensated in calculations of strain. Instead of looking for new ink materials, separating the thermal  
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Figure 20. Resistance change of free-standing carbon ink blocks as a function of temperature. (a) DuPont 7102. (b) 

DuPont 7082. 
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signal from the strain response is a more practical and realistic approach. This can be achieved with a proximity 

temperature sensor as long as the temperature response of the printed sensors is well established or a dummy strain 

sensor which is unstrained but still exposed to varying temperatures can be used to offset the change in resistance 

due to temperature. A dummy sensor was included in the 4x4 strain sensor array as one method of mitigating the 

printed strain sensor temperature sensitivity as shown in Figure 21. The dummy sensor approach was utilized to 

prevent the need for additional temperature sensing devices and associated circuitry on the array. The primary 

drawback to this approach is the increase in size of the array to accommodate the additional sensor and trace routing 

for the extra sensor, as well as the strain relieving area around the sensor to ensure that it remains unstrained. This 

was accomplished by cutting the polyimide substrate around the dummy gauge. This approach was acceptable for 

a relatively small array but may be impractical for larger more complex arrays. 

As the prior strain gauges were primarily printed on PET film, we investigated the surface of our Kapton 

HN polyimide films and the interface between our inks and the polyimide film. As seen in Figure 22, optical 

profilometry of the polyimide surface showed relatively smooth films with an average roughness of 50 nm, but with 

1-300 µm particles embedded in the film which extend as high as 1.5 µm above the surface.  As these particles were 

only found to extend 1.5 µm above the film surface and are relatively small in diameter, they are unlikely to 

significantly affect the printed films which are at minimum five microns thick. Our previous work on printed strain 

gauges has shown that a dense, void-free microstructure and interface between printed inks and the substrate is 

essential for components that are subjected to strain, and is especially important for reliable measurements from 

strain sensors. Figure 23(a) and Figure 23(b) show cross-sectional images of the carbon and silver ink that were 

used for the strain gauge arrays on polyimide. The lack of voids and cracks in the microstructure and between the 

ink and the substrate suggests that these inks would be good candidates for strain sensor components. 
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Figure 21. Configuration of the strain gauge array with dummy gauge for temperature compensation. 
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Figure 22. Optical profilometry image of Kapton HN polyimide film. 
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Figure 23. Cross-sectional images of (a) carbon and (b) silver inks used for fabricating strain gauge arrays, showing 

void-free interfaces when screen-printed onto a polyimide substrate. 
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After characterizing and optimizing the printing process for the 4x4 array, the strain response of some of 

the gauges were evaluated. These initial strain measurements were done by inducing strain longitudinally with 

different radii of curvature and were done for the three gauges of one rosette and the dummy gauge. An image of 

the four gages that were tested is shown in Figure 24, where the fourth gauge from the left is a dummy gauge used 

for temperature compensation. The strain response of this rosette is shown in Figure 25 and the average gauge 

factor of this rosette was found to be 18.8 with a standard deviation of 0.7. 

The fully printed components of the 4x4 strain sensor array along with the array with multiplexing 

transistors and header for connecting the data acquisition unit bonded are shown in Figure 26. In this figure, the 

array with printed and discrete components bonded has its sensing elements bonded to an aluminum plate, and the 

dummy gages partially cut out from the polyimide substrate. This strain sensor array was bonded to a 12 x 12 x 

0.032 inch 6061 aluminum sheet to allow for characterization of the response from the various elements in the array. 

This test specimen was tested in a uniaxial test machine with grips placed in the center of the sheet. This loading 

did not result in a uniform applied strain over the sample, but allowed for evaluation of the durability of the printed 

strain sensors and transistors. Images of the test setup and sample are shown in Figure 27. The sample shown in 

Figure 27 was loaded to achieve strains of 2000με on the row 1, column 1 sensor. This load was cycled three times 

and the response from the row 1, column 1 strain sensor can be seen in Figure 28a. As can be seen in the figure, 

response of the sensor in terms of change of resistance of the gauge is roughly linear with larger variations in 

response as the strain increases. This variation in the response of the strain sensor is believed to be due to random 

noise which is present primarily due to the differential measurement approach. After the third load cycle, a number 

of the discrete transistors debonded from the array which resulted in loss of the ability to acquire data from these 

strain sensors. The location of array elements which lost one or more transistors is shown in Figure 28b. The exact 

cause of the transistor debonding is not certain, but the most likely cause is debonding of the silver epoxy which 

was used to attach the leads of the discrete transistor to the printed silver ink traces in the array. This debonding 

would be due to the shear stress that developed due to local variation in stiffness of the transistor casing, silver 

epoxy and the polyimide substrate. These stresses could be reduced by using flexible transistors which are printed 

or made through some other process, or grading the material properties at the interface of the discreet component 

using encapsulates or other techniques. 
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Figure 24. Image of a screen printed 45° rosette with temperature compensation gauge and silver traces, where 

gauge line widths are 305 µm, gauge lengths are 7.7 mm and silver trace line widths are 305 µm. 
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Figure 25. Normalized change in resistance versus microstrain showing the linear response of four separate gauges 

and a gauge factor of approximately 18 ± 0.7. 
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Figure 26. (a) Fully printed 4x4 strain gauge array and (b) a fully printed 4x4 strain gauge array bonded to an 

aluminum plate with discrete bare-die transistors and data acquisition connector bonded to the substrate. 
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Figure 27. Uniaxial tension test of printed strain sensor array on aluminum test sheet showing the test setup and the 

printed strain sensor array. 
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Figure 28. (a) Response from the row 1, column 1 strain sensor during 3 different runs of the uniaxial tension test, 

and (b) strain gauge rosettes that suffered debonding of at least one transistor during the test cycles. 
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3.3.3 Screen Printed Transistors 

Field effect transistors typically require three different materials, a conductor, a dielectric, and a 

semiconductor. For the transistors printed here two different silver inks were used for the conductor, barium titanate 

ink was used for the dielectric and semiconducting single-walled CNTs for the semiconductor. An image of top-

gate transistors printed on PET is shown in Figure 29. The first printing optimization investigated was the dilution 

of silver ink used for the source and drain electrodes and the barium titanate ink used as the gate dielectric. Cross-

sections of our initial transistors without any ink dilution showed dielectric layers thicker than 10 µm with source 

and drain layers approximately 8 µm thick, which lead to frequent short circuits and poor transistor performance. 

These short circuits and poor performance were due to the proximity of the gate to the source and drain, relative to 

the semiconductor. Optimal dilution of the source and drain and dielectric was then found by comparing the effect 

of dilution on print thickness, printing resolution, short-circuiting, and transistor performance. For our printing 

setup, the optimal dilution was found to be 15 wt.% for the source and drain and 10 wt.% for the dielectric with two 

layers of dielectric printed. These dilutions resulted in source and drain thicknesses of approximately 3 µm and 

dielectric thicknesses of approximately 7 µm. Any further dilution of the silver ink for source and drain electrodes 

led to loss of printing resolution with silver ink spreading over into the channel region. Further dilution of the gate 

dielectric ink led to shorting through the dielectric layer between gate and source and/or gate and drain. 

Even with optimized ink dilutions, a significant fraction of transistors printed in a batch (55 in all) had short 

circuits between the source and gate or source and drain. Cross-sectional SEM images of these transistors have 

shown a likely cause of shorting to be silver flake-like particles in the silver ink protruding into the dielectric layer, 

as can be seen in Figure 30a. In an effort to prevent these particles from causing short circuits in future prints, a 

mechanical flattening method was adapted where a 2-kg metal cylinder is rolled across the partially dried source 

and drain layer of each transistor print, and an example of a SEM cross-sectional view of a transistor using this 

flattening approach is seen in Figure 30b. The flattening method that seemed most effective was after a 10 minute 

partial cure of source-drain silver ink. This flattening procedure was further analyzed with optical profilometry. 

Here the optical surface topology shows little change in the average thickness of the ink layer but a significant 

reduction in the maximum peak heights of the printed layer showing that the flattening procedure influences only 

the thickest regions of the printed film. Histograms of frequency versus height from the optical profilometry data  
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Figure 29. Optical image of top-gate screen-printed transistors on a PET substrate.  
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Figure 30. Cross-sectional image of the source and drain of a transistor (a) without a flattened source and drain 

layer and (b) with a flattened source and drain layer and debonding between the source and drain layer and the 

substrate. 
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for as-printed and mechanically flattened silver lines are shown in Figure 31. Although the flattening method 

reduced the number of short circuits in a batch of printed transistors, it did not significantly improve the transistor 

performance in terms of on-off ratio or on-current. 

In addition to flattening of silver ink, thinner layers of dielectric were attempted in order to further improve 

the transistor performance. While these thinner layers did increase the current on/off ratios for a few devices, they 

also increased the frequency of short circuits and in fact no functional transistors were possible with gate dielectric 

thicknesses of less than 5 µm due to excess shorting. The limit on dielectric thickness comes from thickness of the 

source and drain layer. Upon closer examination by SEM as shown in Figure 32 below, the gate dielectric is printed 

with a relatively constant height over source/drain and channel regions of the transistor; however, there is 

significantly different dielectric thicknesses over each of these regions. More specifically, the dielectric is thinner 

above the source and drain regions, which leads to higher instances of shorting. In contrast, over the channel region, 

the dielectric is thicker which degrades on-off switching with gate voltage. For precisely this reason, it is important 

to have print thicknesses of source and drain electrodes to be as thin as possible.  

After optimizing the printing of the source/drain electrodes, gate dielectric, and gate electrode, the next area 

of printing fabrication to improve was the S-SWCNT deposition. One printing aspect that strongly increased 

conductivity of transistors by few orders of magnitude was using Al2O3 coated PET film in place of uncoated PET 

film.  Figure 33 shows this strong substrate influence for two comparable transistors printed on these two substrates. 

In this case, the transistors prepared on the Al2O3 coated film had roughly 100,000 fold higher on-current than the 

transistors printed on uncoated PET. Additionally, the S-SWCNT solution drop-casted onto the alumina surface 

had a much lower contact angle in the deposition process and were observed to spread out much more evenly, 

indicating noticeably higher affinity of the solution for the rough, porous Al2O3 coated PET than the uncoated PET.  

There was also a higher off-current for the transistors printed on Al2O3 coated PET, which is believed to be due to 

a small amount of S-SWCNTs deposited outside of the channel region where it is less affected by the gate bias. 

Optical profilometry images of these two substrates is shown in Figure 34. Here the uncoated PET was found to 

have an average surface roughness of approximately 40 nm while the alumina coating had an average surface 

roughness of about 2,300 nm. The rougher surface of the Al2O3 coated PET is certainly one factor influencing the 

higher affinity for S-SWCNTs.  
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Figure 31. Histograms of frequency versus thickness from optical profilometry of (a) as-printed and (b) 

mechanically flattened silver ink. 
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Figure 32. SEM cross-sectional image of a transistors showing variation of the dielectric thickness between the 

channel region and the source/drain region. 
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Figure 33. I-V responses of screen-printed transistors on (a) an uncoated PET substrate and (b) an alumina coated 

PET substrate. 
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Figure 34. Optical profilometry images of (a) an uncoated PET substrate and (b) an alumina coated PET substrate 

showing the much more textured surface of alumina coated PET. 
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The higher mobility observed with transistors prepared on the Al2O3 coated PET are certainly promising 

and are therefore worthy of further investigation. Since the Al2O3 coated PET is coated on one side only and there 

is a mismatch in thermal expansion coefficients of the alumina coating and the PET film, the Al2O3 coated PET 

substrates tend to curl up when undergoing thermal curing of the transistor inks, and the alumina coating de-bonded 

from the PET film. To prevent this curling, the substrates were taped to a metal plate during heating. These 

substrates did not curl, and alumina coating did not debond from the PET film.  Additionally, these transistors were 

tested under longitudinal and transverse strain and above 2% strain, the alumina coating cracked and debonded from 

the PET surface, damaging some of the transistors. SEM cross-sections of the alumina coating before being strained 

and after transistor printing and being strained are shown in below Figure 35.   

Due to the limitation of the alumina coating, transistors prepared on uncoated PET were also characterized 

after strain and fatigue. A cross-sectional SEM image of a transistor as printed is shown in Figure 36a showing a 

void-free interface between the transistor inks and the substrate. Cross-sectional SEM images of transistors after 

10,000 µε and 105 cycles at 1000 µε are shown in Figure 36b and Figure 36c, respectively. In Figure 36b, a crack 

can be seen running through the dielectric and gate of the channel region of the transistor as well as some debonding 

at the interface in the channel region. The debonding is due to poor adhesion of the S-SWCNT solution and thereby 

the overlying dielectric to the PET substrate. Cracking likely begins after the dielectric debonds from the PET 

substrate. Similar damage to the transistor is seen in Figure 36c. However, in this case the entire channel region 

has debonded and the crack through the dielectric and gate is ~1-3 µm.  

In addition to different substrates, different conductive inks were used to examine their effect on transistor 

printing. Figure 37(a) shows a cross-section of a transistor that was printed using DuPont 5028 Ag as the conductor 

and Figure 37(b) shows a transistor that was printed using Conductive Compounds Ag-530 as the conductor. 

Figure 37(a) has inks from the two different vendors and some compatibility issues were observed. In this case, 

polymer-rich particles from the silver ink have separated from the rest of the conductive layer. These polymer-rich 

particles were only found at the interface of the dielectric and source and drain layer, and are believed to have 

caused short-circuits across the dielectric layer causing failure of many printed transistors. No polymer particles 

were found when examining transistors prepared using Ag-530 with this dielectric ink. Incompatibilities between 

the printed materials were also seen when preparing bottom-gate transistors. Figure 38(a) and (b) show optical  
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Figure 35. Cross-sectional SEM of (a) unstrained Al2O3 coated PET before printing and (b) after transistor printing 

and 2% strain. 
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Figure 36. Cross-sectional SEM images of (a) an unstrained transistor, (b) a transistor after one cycle of 10,000 με 

strain was applied, and (c) a transistor after 105 cycles of 1,000 με were applied. 
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Figure 37. Cross-sectional SEM images of a transistor with (a) incompatible conductive and dielectric inks and (b) 

more compatible conductive and dielectric inks. 
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microscopy images of top gate and bottom gate transistors respectively. Since the CNT solution is deposited first 

for top-gate transistors and quickly evaporates, it doesn’t greatly affect the subsequent layers; however, it partially 

dissolves the source, drain and dielectric layers when deposited last for bottom-gate transistors. This partial 

dissolution is due to the use of toluene as the suspension media for the CNT solution. Short circuits and large gate-

currents occurred when the toluene dissolved through most of dielectric; however, even when the toluene didn’t 

dissolve through the dielectric, the transistors were not functional as the CNTs did not form a connection between 

the source and drain. 

Another approach to increasing transistor mobility was to try different surface treatments of uncoated PET 

and different S-SWCNT deposition procedures. Similar to prior studies using S-SWCNTs for transistors, oxygen 

plasma treatment of PET and poly-l-lysine coating procedures were attempted to functionalize the substrate surface 

for higher S-SWCNT affinity.[42,46,50]  Oxygen plasma treatment alone was found to increase the on-current 

approximately 10-fold, from 1 nA to 10 nA, but did not otherwise appear to affect the performance. Oxygen plasma 

treatment followed by lysine treatment, increased the on-current roughly 10,000-fold, from 1 nA to 10 µA but 

similarly increased the off-current, resulting in current on/off ratios less than 2. In an effort to increase the on-

current for devices on oxygen plasma treated substrates, S-SWCNTs deposition was performed by immersing the 

substrate into the S-SWCNT solution instead of drop-casting the solution onto the substrate. Transistors with 

immersion-deposited S-SWCNTs showed a 2-3 fold increase in on-current and more consistent on-currents from 

device to device, but required oxygen plasma treatment or mechanical cutting to remove CNTs deposited outside 

of the channel region. To try to reduce the off current for devices with oxygen plasma and lysine treated substrates, 

we tried increasing the amount of rinsing with toluene; however, additional rinsing had no significant effect on 

transistor performance. 

3.4 Conclusions 

In summary we presented characterization of screen-printed strain gauges, strain gauge arrays and 

transistors. Screen printed strain gauges were found to have gauge factors of 8.8 ± 0.3 with linear, hysteresis-free 

responses up to strain for up to at least 1.1% strain. These gauges also showed the same linear response and gauge 

factor after 105 cycles at 0.2% strain. Characterization via cross-sectional SEM showed a void-free microstructure,  
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Figure 38. Optical images of transistors, (a) a top-gate transistor and (b) a bottom-gate transistor, showing the 

effects of the carbon nanotube solution when deposited first for top-gate transistors and last for bottom-gate 

transistors. 
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indicating the suitability of these gauges for strain applications. These gauges also showed temperature coefficients 

of resistance of 2.4 x 10-3 K-1. Overall these gauges showed promising results for use in arrays for structural health 

monitoring, but their resistances were too large for the processing circuitry.  

Arrays of 64 screen printed strain gauges were prepared onto polyimide substrates and through optimization 

of the printing procedure, resistance tolerances were reduced to ~20%. The temperature response of the carbon ink 

used for these arrays was 0.26 x 10-3 K-1 and the gauges showed linear responses to strain for up to at least 0.25% 

strain with gauge factors of 18.8 ± 0.7. The ink used for the gauges in the arrays also showed a void-free 

microstructure. However, discrete transistors used for multiplexing in the strain gauge arrays debonded under strain. 

Therefore, flexible transistors, improved adhesion of the discrete transistors, or separate multiplexing circuitry is 

required to use these arrays in a strain monitoring application.  

Transistors were screen printed and characterized and the printing process was changed numerous times to 

improve their performance and the printing repeatability. Optimization of the dielectric thickness and flattening the 

silver ink increased the printing repeatability and reduced the number of short circuits. Preparing transistors on 

alumina coated PET increased the on-current by a factor of ~10,000, but also increased the off-current. This increase 

in on-current was likely due to better adhesion of the S-SWCNTs on the rougher alumina surface and provided 

sufficient on-current that the transistors could be used for multiplexing. However, the alumina coating was damaged 

upon straining at 2% strain, damaging the printed transistors. Strain and fatigue measurements of transistors on 

uncoated PET also showed damage to the transistors. In this case, poor adhesion of the S-SWCNTs and overlying 

dielectric led to debonding in the channel region and cracking of the dielectric and gate layers. Therefore, further 

improvement of the adhesion of the printed materials to the PET substrate, a thinner, more flexible alumina coating 

or alternate materials are required for fabrication of transistors suitable for strain applications.  
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CHAPTER 4 

 

Atomic Layer Deposition of Platinum on Collagen 

 

4.1 Introduction 

Conductive and flexible materials that are biocompatible have the potential for a wide range of biomedical 

applications including tissue engineering, [58–60] implantable neurological electrodes, [61–65] controlled drug 

delivery [66–70] and electrochemical actuators. [71–73] This class of materials belongs to ecofriendly or “green 

electronics” [74] materials which are benign to our surrounding environment. “Green” and “transient” technology 

refers to electronic devices and systems which, after stable operation, are capable of being resorbed within a defined 

period of time with minimal or non-traceable remains or byproducts. [75,76] While durability is a factor for stable 

performance of electronic devices, transient or biodegradable materials as well as biocompatible systems are gaining 

increasing attention in modern electronics. [75] Indeed, in the 21st century, electronic hazards or waste are one of 

the biggest problems for the environment. [76] This environmental challenge may be remediated using 

biodegradable transient electronics as they can resorb into the surroundings without any harmful impact. On the 

other hand, these transient electronics can also be used as biomedical diagnostic devices implanted into the human 

body, and thus eliminate the need of expensive follow up surgery to extract those devices from the body. [75,76]  

Following the concept of developing these kind of systems, the choice of green and transient materials is becoming 

attractive in modern biomaterial based electronics. [74,77] Selection of suitable materials is key to success of green 

and transient technology. These kind of materials are required to have some unique properties such as 

biodegradability, bioresorbability, and biocompatibility while being environmentally safe. [74,77,78] The 

advantages of using these materials are: low cost, energy efficient production due to their natural origin, no long 

term adverse effects, no need of retrieval as they can resorb by themselves, and above all they can minimize 

hazardous waste for our environment. [77] Previously, efforts have been made to develop this kind of electronics 

from transient materials mostly based on polymer (e.g., poly(vinyl alcohol) (PVA), polyvinylpyrrolidone (PVP), 

polylacticcoglycolic acid (PLGA), polylactic acid (PLA), and polycaprolactone (PCL)) or metal (e.g., magnesium 

(Mg), molybdenum (Mo), iron (Fe) etc.) or semiconductor (e.g., silicon (Si), germanium (Ge), silicon nano-
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membranes (Si-NMs) etc.) materials. [76] Partially transient or soluble electronics were developed based on organic 

substrates such as cotton and silk, where the device remained insoluble in spite of the substrates being soluble. [75] 

Recently, attempts have been made to develop completely soluble electronics. In those system, silicon (Si) substrate 

based fabrication was used due to the high solubility of silicon in body-fluids and even in water. [77] In silicon-

based transient electronics, silicon dioxide (SiO2), magnesium (Mg) and magnesium oxide (MgO) were used as 

gate dielectric, conductors and inter-layer dielectric, respectively. [77] Although these electronics are soluble, they 

are mostly inorganic substrate-based devices; as a result biocompatibility could be an issue for those devices used 

for implantable diagnostic devices where biocompatibility is a significant factor of the success of any such device. 

Additionally, silicon-based electronics materials or their byproducts may still leave some impact on our 

environment. Considering these aspects, potential usage of collagen as a substrate material is proposed in our study. 

Collagen has a triple helix structure composed of polypeptide chains and is an important biomaterial that is used in 

numerous biomedical applications. [78,79] Additionally, the structure of collagen contains the amino acids glycine 

and proline in the highest abundance. Collagen is a flexible biomaterial which is also biodegradable/bioresorbable, 

[80] biocompatible [80] and piezoelectric [78]. For these unique properties of collagen, it might be a good choice 

for applications in implantable electronics. Further, collagen is of natural origin and collagen-based electronics 

would be able to minimize any negative environmental impact. Flexible, biocompatible materials are desired in 

bioelectronics. Collagen is used in different biomedical applications due to its excellent biocompatibility and 

bioresorbability. However, it is not electrically conductive; therefore, deposition of a conductive metal film is 

required to turn collagen into an electrically conductive biomaterial, facilitating the fabrication of collagen-based 

flexible biocompatible electronics. On the other hand, transient electronics also require very thin layers of material 

film for its hopefully early dissolution into the surrounding environment.  

Compared to different available thin film deposition techniques, atomic layer deposition (ALD) offers a 

unique approach to conformally deposit a very thin film (few Å or nanometers thick) of metal or metal oxide on 

high aspect ratio structural substrates; the stoichiometry as well as the thickness of such deposited thin film can be 

precisely tuned. [81,82] Low temperature (room or near room temperature) ALD processes are also necessary to 

functionalize heat-sensitive biomaterial organic substrates avoiding denaturation from higher temperature 

processing. Several attempts have been reported for coating biomaterials using ALD thin films after recognizing 
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the possibility of low temperature ALD reactions. [83] Previously, low temperature (ranging from 80-200°C) ALD 

of Pt was reported on different organic substrates including Nylon-6, polyethylene naphthalate (PEN) and 

polyethylene terephthalate (PET) polymer, cotton, paper, and human hair. [84–86] In this work, we report a Pt-

ALD process at 150°C for the first time on a bio-resorbable collagen biomaterial and this enables ultrathin 

conductive Pt films conformally coated on collagen fibers, producing a flexible and conductive biomaterial which 

could potentially be used in a variety of applications such as implantable biosensor fabrication and electrogenic 

tissue regeneration.    

4.2 Methods and Materials 

4.2.1 Sample Preparation 

All ALD processes were carried out in a custom built, horizontal hot wall tubular ALD reactor modified 

for low temperature ALD with a new mass flow controlled inert gas flow line and fast filling line (Figure 39). The 

reactor chamber consists of a 48 cm long quartz tube with an internal diameter of 38 mm. This reactor is heated 

using a tube furnace (1000 Series Marshall™ Tubular Furnace) connected with a proportional-integral-derivative 

temperature controller (OMEGA® CN9000A Series Miniature Autotune Microprocessor Controllers). The delivery 

lines consist of ¼-in stainless steel tubing and several pneumatic and manual valves. The reactor chamber is 

continuously evacuated using a vacuum pump (Fisherbrand™ Maxima™ C Plus Vacuum Pump, Model M8C) and 

the chamber pressure is monitored downstream of the reactor. 

Deposition was performed at 150°C and 500 mTorr with the stainless-steel precursor bubblers at 50°C and 

the delivery lines in between the bubblers and reactor at 70-80°C. (Trimethyl)methylcyclopentadienylplatinum(IV) 

[MeCpPtMe3] (99.999%-Pt PURATREM, Strem Chemicals Inc.) and ozone (1000 ppm generated just upstream of 

the reactor from 99.99% oxygen from Praxair using a custom made UV lamp system) were used as precursor and 

co-reactant, respectively for the Pt-ALD process. For TiO2 deposition, TDMAT (Sigma Aldrich, 99.999%) was 

used as the titanium precursor and ozone was used as the oxidizer. Computer controlled pneumatic valves were 

used for sequential introduction of precursor and oxidizer while argon (99.999% from Praxair) was used for the 

precursor carrier gas and purging gas. Immediately following TiO2 seed layer deposition, a Pt-ALD film was 

deposited on collagen without vacuum break. A commercially available collagen barrier membrane (Biomend®, 

Zimmer, USA) was used as the substrate in this study, and a highly-doped p-type Si(100) wafer (University Wafer, 
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Inc., USA) was used as a reference for measurement of the Pt thickness. Pt thickness on the reference silicon 

substrate was measured using spectral ellipsometry (Model M44, J.A. Woollam Co., Inc.). The ALD process on 

collagen samples is schematically represented in Figure 40. Non-coated collagen served as the control group, while 

collagen coated with 400 ALD cycles of Pt refers to Coll-Pt400, and Coll-TiO2-Pt200 and Coll-TiO2-Pt400 stand 

for 200 and 400 ALD cycles of Pt respectively on collagen samples with a ~9 nm seed layer of TiO2 deposited at 

room temperature. 

4.2.2 Surface Characterization 

High-resolution field emission SEM (JEOL JSM-6320F, JEOL USA, Inc.) was used to analyze The surface 

morphology of the pristine collagen and Pt-coated collagen substrates. The collagen surface after ozone exposure 

was analyzed using an Electron-Beam Lithography system (Raith 100) for SEM. Prior to SEM, a sputter coater was 

used to deposit a gold coating to make the samples conductive. The chemical composition of the surfaces of the 

control collagen and ALD Pt-coated collagen substrates was examined using X-ray photoelectron spectroscopy 

(Kratos AXIS-165, Kratos Analytical Ltd., United Kingdom) equipped with a monochromatic Al Ka (1486.6 eV) 

X-ray source operated at 15 kV and 10 mA.  In addition to SEM, the surface of the native collagen and Pt-coated 

collagen was imaged using a Keyence VHX6000 optical microscope at 500x magnification using Keyence’s depth 

scanning mode. 

4.2.3 Electrical Characterization 

Ag-530 conductive silver ink (Applied Ink Solutions) was manually screen printed onto the thin films to 

provide consistent probe locations, reduce contact resistance and protect the films from damage during electrical 

measurements. Screen printing was done using a Gold Print SPR-25 screen printer, a 70 durometer (Shore A) 

squeegee blade, and a printing offset of 3 mm.  The screen used had wire diameters of 228.6 m, with 325 wires 

per inch set at a mesh angle of 45°. The line pattern used had four lines with line widths of 0.5 mm, line spacing of 

1 mm and line lengths of 5 mm. After printing, the silver ink was dried in a laboratory oven at 100°C for two hours 

with filtered air flow (15.6 L/min) across the heating elements supplied via an aquarium pump (Hydrofarm) 

connected to a 5-micron air filter.  

Two-probe resistance measurements were performed with a Keysight E4980AL precision LCR meter and 

a Micromanipulator probe station with tungsten probes in Micromanipulator 210 probe holders (Figure 41). 



77 
 

 

Measurements were done using a 10 mV, 20 Hz signal with a 1.5V DC bias. Probe resistance and contact resistances 

were measured and subtracted to determine resistance of the platinum films. Probe resistance was measured as 0.4 

 by directly connecting the tips of the probes. Contact resistance was calculated using Equation (1) below, where 

R14, is the resistance between contacts one and four, R12 is the resistance between contacts one and two, R23 is the 

resistance between contacts two and three and R34 is the resistance between contacts three and four.  

Rc =
R14  −  (R12 + R23 + R34)

2
     (1) 

Volume resistivity was calculated using Equation (2) below, where R is the average of R12, R23, and R34 

minus the probe resistance and contact resistance, w is the width of the sample, t is the film thickness, and l is the 

spacing between the contacts. 

ρ = R
wt

l
     (2) 

Strain was applied by bending samples over various curved surfaces ranging from 10.5 cm to 1.7 cm in 

diameter and the resistance was measured before and after strain. Strain from the curvature was calculated using 

Equation (3) where  is the distance of the film from the neutral axis,  is the radius of curvature, t is the film 

thickness, and r is the radius of the curved surface. This equation neglects the effect of the ALD films on the location 

of the neutral axis as the effect is negligible since the thickness of the ALD films is less than 40 nm while the 

substrate thickness is ~265 µm. 

ε = 
γ

ρ
 = 

t
2

r + 
t
2

     (3) 

The collagen samples were also connected to a light-emitting diode (LED) circuit with a 3 volt battery to 

test for the presence of a stable conductive coating on the collagen surface and to study the flexibility of the existing 

conductive coating.  
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Figure 39. Schematic of the custom-built ALD reactor used for deposition onto the collagen membrane. 
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Figure 40. Schematic representation of the ALD process for preparing different collagen sample groups. 
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Figure 41. Diagram of the electrical measurement setup. 1, 2, 3, and 4 indicate the contact numbers for the screen-

printed silver ink contacts. Low V and High V indicate the low and high potential connections to the LCR meter, 

and Low I and High I indicate the low and high current connections to the LCR meter. 

  



81 
 

 

4.3 Results 

Thickness of the ALD deposited Pt thin film on reference Si samples, used while performing ALD on 

collagen samples, is reported in Table VI. In this process, 200 ALD cycles deposited around 11 nm of Pt film on 

the reference Si sample and 400 ALD cycles deposited ~26 nm of Pt film on the reference sample. Surface features 

of the collagen samples were investigated using optical microscopy before and after the Pt ALD process was carried 

out. ALD Pt coated collagen surfaces exhibited different surface characteristics compared to the non-coated 

collagen surface (Figure 42). Although difficult to discern, the non-coated control surface shows a textured or 

woven, fiber surface with peaks and valleys similar to the Coll-Pt-400 group. In contrast, a near flat surface was 

found for both Coll-TiO2-Pt200 and Coll-TiO2-Pt400 groups. These two groups have a seed layer of TiO2 thin film 

on their surfaces and Pt ALD was performed on top of this TiO2 layer. This layer could fill the gaps of the surfaces, 

and as a result, a smoother surface was obtained. SEM was performed to have in-depth understanding of surface 

morphology at the nanoscale and to asses the effect of heating and ozone on the morphology of the collagen fibers. 

SEM micrographs for all the collagen sample groups are displayed in Figure 43.  For the non-coated control, the 

surface structures were fibrous and the characteristic “banding” pattern of individual collagen fibrils, the make up 

 

 

 

 

 

 

Sample 
Pt film thickness on 

monitor Si [nm] 

Average Volume 

Resistivity [ cm] 

Standard Deviation of 

Volume Resistivity [ cm] 

Control - >1012 - 

Coll-TiO2-Pt200 11.2±0.9 >1012 - 

Coll-Pt400 26.7±0.4 6.65x10-3 2.85x10-3 

Coll-TiO2-Pt400 27.8±1.4 2.95x10-3 3.06x10-5 

TABLE VI. ELECTRICAL RESISTIVITY OF THE CONTROL NON-COATED AND ALD PT COATED 

COLLAGEN SAMPLE GROUPS AND THE CORRESPONDING PT FILM THICKNESS AS MEASURED ON 

REFERENCE SI SAMPLES.    
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Figure 42. Optical microscopy images of collagen films coated with platinum or titanium dioxide and platinum at 

500x magnification showing the surface features of the collagen samples. The control sample is a collagen 

membrane as received. The Coll-Pt400 sample has 400 ALD cycles of platinum on a collagen. The Coll-TiO2-Pt200 

and Coll-TiO2-Pt400 samples have ~9 nm of TiO2 and 200 and 400 ALD cycles of Pt, respectively. 
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Figure 43. SEM images of the collagen films with ALD Pt or ALD TiO2/Pt at 50,000X magnification showing the 

surface morphology at the nanoscale. The control is the pristine collagen sample, Coll-Pt400 has 400 ALD cycles 

of Pt, Coll-TiO2-Pt200 and Coll-TiO2-Pt400 are coated with ~9 nm of TiO2 and 200 ALD and 400 ALD cycles of 

Pt, respectively. 
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of the larger anatomic fibers, was clearly visible. This collagen based membrane is manufactured from type I 

collagen fibers purified from bovine tendon. [87] Similar characteristic striping of collagen fibrils was reported 

before from the electron micrograph of untreated bovine tendon collagen tissue. [88] ALD Pt-coated collagen 

samples exhibited significantly different surface morphology as compared to the non-coated control. A conformal 

and uniform ALD coating with different Pt nucleation and different surface coverage was observed among the  

coated samples. In Coll-Pt400, the characteristic bands were still noticeable, and a conformal Pt film was observed 

although the surface coverage does not appear to be 100%. For the Coll-TiO2-Pt200 group, the island growth 

behavior of Pt was observed on collagen fibers coated with a seed layer of TiO2 thin film and the Pt nuclei do not 

appear to be connected. On the other hand, a continuous, conformal Pt film was obtained for the Coll-TiO2-Pt400 

group with 100% surface coverage. This result supports our observation from optical microscopy where the Coll-

TiO2-Pt400 appeared smooth and uniform in color due to the continuous Pt coating which filled the gaps of the 

collagen membrane.  

The SEM results indicated that the TiO2 seed layer acted as a buffer layer to promote the nucleation of Pt 

on the collagen surface. Additionally, it revealed that 400 ALD cycles of Pt seem to be required to obtain a 

continuous Pt film that fully covers the collagen/titania nano-film surface with the conditions used. A collagen 

molecule consists of amide functional groups. Reactivity of the MeCpPtMe3 precursor towards organic amide 

groups has not been well-studied. However, it was previously reported that a thin layer of alumina (Al2O3) promoted 

the nucleation of Pt on Nylon-6 consisting of amide backbone. [84] The Al2O3 layer was deposited at higher 

temperature, i.e., at 200°C through ALD and it was reported to promote Pt nucleation on Nylon-6. [84] A 3 nm-

thick Al2O3 film deposited using plasma assisted ALD was also reported to facilitate Pt growth on PEN, PET, paper 

and cotton. [85] On the other hand, ALD TiO2 thin films deposited at 100°C from titanium tetrachloride (TiCl4) and 

water, was reported to promote Pt nucleation on Silicon (Si(001)) due to the hydrophilicity of the TiO2 film. [89] 

Xu et al also showed that hydrophilic OH-terminated silicon surface resulted in much higher surface coverage of Pt 

thin film compared to H-terminated hydrophobic surface. [90] Therefore surface hydrophilicity appears to be one 

of the main factors in nucleation of Pt as hydrophilic surfaces offer a higher number of nucleation sites to facilitate 

the ALD process. [90,91] Recently we developed a room temperature ALD process to deposit amorphous TiO2 thin 

film on collagen surface. [92] Amorphous TiO2 film was reported to be hydrophilic due the abundant hydroxyl or -
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OH group present on the film surface. [93] Consequently, our amorphous TiO2 seed layer could help with better 

nucleation of Pt on the collagen surface. Furthermore, previous reports indicated that after 400 cycles of the Pt ALD 

process, 100% surface coverage of Pt film was achieved on Si samples. [86,90,94] Therefore our finding is in 

general agreement with previously published reports.  

SEM micrographs of the collagen film after 5 and 10 minutes of ozone exposure and heating at 150°C are 

shown in Figure 44. As seen in this figure, the collagen fibers show the same characteristic banding as the control 

sample (Figure 43) even after heating and ozone exposure. Additionally, no significant change was observed in the 

morphology or size of the fibers to indicate the heating or ozone affected the collagen fibers. Therefore, the ALD 

process as well as extended ozone exposure do not appear to damage the collagen fibers.   

ATR-FTIR was employed in absorbance mode to study the chemical composition of the collagen samples 

(Figure 45a). The principle behind the FTIR technique is that there are different absorption intensities of the 

incident IR from the covalent bonds of different biomolecules present in specimen, and depending on the molecular 

bonds and structure, chemical information can be obtained from the resultant IR absorption intensity and 

wavenumber positions. [95] As shown in Figure 45a, all collagen sample groups exhibited absorption of IR for 

scan region from 3900-600 cm-1. Predominant amide peaks were identified for all groups and these amide groups 

are functional groups for collagen type I. Amide peaks observed at wavenumbers 1700-1650 cm-1, 1600-1500 cm-

1, 1300-1200 cm-1 correspond to Amide I, Amide II and Amide III, respectively, while 3330-3300 cm-1, 3080-2900 

cm-1 can be attributed to Amide A and Amide B, respectively. [95,96] Peaks observed at 1035 cm-1 and 1079 cm-1 

are attributed to ν(C-O) and ν(C-O-C). [95] No major peak shift or significantly different peak was observed for 

our ALD-Pt coated groups compared to the non-coated control. This finding suggests that our ALD process is 

capable of functionalizing the collagen substrate without significantly altering the intrinsic properties or 

biomolecular structures of collagen. 

X-ray photo electron spectroscopy was used in surface characterization, specifically with the aim of 

evaluating the quality of the Pt thin film deposited on the collagen surface using the ALD process at 150°C. The 

XPS spectra of the Coll-TiO2-Pt sample group is displayed in Figure 45b. Figure 3b shows the two major peaks of 

the Pt core-level energy region of XPS spectra. The peaks at 74.2 eV and 71 eV are attributed to metallic Pt5/2 and 

Pt7/2, respectively. Deconvolution of peaks of other structures were reported to result in typically 72.3 eV and 73.8  
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Figure 44. SEM images of the collagen films after 5 and 10 minutes of ozone exposure at 20,000X magnification 

showing the morphology of the collagen fibers.   
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Figure 45. Chemical analysis of collagen samples. (a) ATR-FTIR spectrum of collagen sample groups. (b) X-ray 

photoelectron spectra of the Coll-TiO2-Pt400 group showing Pt core level energy region. (c) Proposed chemical 

bonding of ALD-Pt coating with the collagen molecule. 
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eV peaks, likely due to the formation of PtOx. [86,94] Therefore our XPS result indicates that our ALD Pt film is a 

high purity metallic film despite being deposited at 150°C on an organic substrate, i.e., collagen. 

A chemical structure was proposed in Figure 45c for ALD Pt coated collagen with and without the ALD 

TiO2 buffer layer. Platinum was previously reported to chemically bind with DNA by forming a favorable bond  

with nitrogen atoms (at N7 sites) of the adenine and guanine base of the DNA molecule. [97,98] Therefore, the Pt 

ALD coating might bind with the available surface nitrogen of the collagen membrane. On the other hand, the 

bonding might be different when a TiO2 buffer layer was present between the Pt coating and collagen. As reported 

earlier, the ALD TiO2 coating on collagen most likely formed new titanium (Ti) mediated bonds with nitrogen and 

carbonyl groups of the collagen molecule, presumably substituting hydrogen (H) in the N-H•••O=C bond with Ti. 

[99] In our previous work, we reported that this ALD TiO2 coating on collagen deposited at room temperature was 

amorphous in nature. [92] Also, amorphous TiO2 thin film was reported to have plenty of surface hydroxyl (OH) 

groups. [93] Therefore, in post-ALD TiO2, the Pt coating could bind with the oxygen (O) atoms of the available 

surface OH groups of the TiO2 coated collagen, as previously suggested in the chemisorption process of 

MeCpPtMe3 on -OH functionalized surfaces. [100] 

Pt growth initiation and nucleation behavior could also be visually observed as depicted in Figure 46a. The 

control collagen membrane is white while darkening of sample was observed after performing different ALD 

treatments on the collagen surfaces. After 400 cycles of ALD Pt (i.e., Coll-Pt400), the white collagen became darker 

suggesting nucleation of Pt on the collagen surface. For Coll-TiO2-Pt200, the sample is slightly darker compared to 

control but not as dark as Coll-Pt400. This was expected because ALD is a cyclic process and consequently 200 

ALD cycles resulted in a smaller film thickness (~2 times less in this case) as compared to 400 ALD cycles. Finally, 

for the Coll-TiO2-Pt400 group, a uniformly coated dark sample surface was observed suggesting 100% surface 

coverage with the highest level of Pt nucleation. These observations from our visual inspection corroborated our 

finding through optical and electron microscopy. Darkening of the sample due to Pt film growth was also reported 

previously for Nylon-6 substrate after performing Pt ALD on the surface. [84] 

A simple test was performed involving a LED to qualitatively prove the presence of a conductive metal 

film on the collagen surface (Figure 46b). Collagen itself is a non-conductive organic biomaterial and as a result it 

could not complete the circuit to light up the LED. For Coll-TiO2-Pt200, lower growth of Pt was observed on the 
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collagen surface, and these samples were also not conductive enough to light up the LED. Although for Coll-Pt400, 

growth of Pt was observed, the LED lit up few times on some portions of the sample surface, while most of the time 

it would not light up the LED. This indicated that the Pt film on Coll-Pt400 was not fully continuous to be 

conductive. On the other hand, the LED lit up for the Coll-TiO2-Pt400 sample group. This indicated that a 

continuous conductive Pt thin film on the surface of Coll-TiO2-Pt400 was achieved. 

After determining that some of the platinum coatings on the collagen surfaces were conductive, two-probe 

resistance measurements were performed on the native collagen, Coll-Pt400, and Coll-TiO2-Pt400 samples to 

measure the resistivity quantitatively. The resistance of the native collagen, and Coll-TiO2-Pt200 were above 1018 

, the upper range of our LCR meter; however, the resistances of the Coll-Pt400 and Coll-TiO2-Pt400 samples 

were well within the range of our LCR meter. The average volume resistivity and standard deviation of the volume 

resistivity of three measurements from three different points on these samples is shown in Table VI. The volume 

resistivity was calculated using the thickness of Pt measured from silicon substrates. The larger standard deviation 

of the volume resistivity for the Coll-Pt400 as compared to Coll-TiO2-Pt400 is likely due to larger variation in 

resistance among R12, R23, and R34 as depicted in Equation 2 (Figure 41) and is indicative of a less uniform Pt 

coating. In addition to the Pt on collagen, the resistivity of 400 cycles of Pt were also measured on silicon. This 

silicon sample had an average volume resistivity of 31.8  cm, approximately 10 times lower than the Coll-TiO2-

Pt400 sample, with a standard deviation of 15.1  cm. The lower volume resistivity on silicon is likely due to the 

smooth, non-porous surface which allows for more interconnection between the Pt coating; therefore, it is important 

to compare the resistivity with platinum deposited on similar substrates. The volume resistivity of 12 nm of Pt on 

Nylon-6 is reported as 175  cm. [84] This resistivity of Pt coated Nylon-6 is lower than our Pt coated collagen 

likely due to the more ordered, less porous structure of Nylon-6 compared to collagen. 

To characterize the flexibility of the platinum coatings, their resistances were measured before and after 

bending at different radii of curvature as shown in the inset of Figure 46c. The radii of curvature ranged from 10.5 

to 1.7 cm and induced strains as high as 1.5%. The results of these resistivity measurements after bending, are 

shown in Figure 46c. Less than one percent change in volume resistivity was measured after straining up to 

approximately 8200 microstrain for the Coll-Pt400 sample; however, a 1.4% increase and 11.1% increase were 

measured after straining at 9700 and 15100 microstrain, respectively. For the Coll-TiO2-Pt400 sample, 5%, 10%, 
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and 20% increases were measured after straining at approximately 4200, 8200, and 15100 microstrain. The larger 

increases in resistivity with microstrain for the Coll-TiO2-Pt400 sample is due to the 9-nm thick TiO2 coating. This 

TiO2 coating increases the film thickness by approximately 37% and may affect the adhesion of the coating. Both 

thicker films and lower adhesion strengths have been shown to cause cracking or failure of thin films at lower 

strains. [101] In comparison to the work by Mundy et al, which showed only a 7% decrease in conductivity for a 

radius of curvature of 6.0 mm or ~7.7% strain, our results show similar decreases below 1% strain. [84] The larger 

change for our samples could be due to a number of different factors including the different seed layer used for the 

platinum deposition, the larger thickness of our seed layer, the less ordered structure of the collagen compared to 

Nylon-6, and the different deposition conditions used. Additionally, the work by Lee et al showed only a 2% change 

in resistance after 1000 cycles of bending at a radius of 3 mm or ~8.4% strain for Pt deposited on cotton fibers. [86] 

Despite the larger change in resisitivty of our films, they remained quite conductive as demonstrated by our Coll-

TiO2-Pt400 providing sufficient conductivity to illuminate a LED while in a flexed state (Figure 46d). 

4.4 Conclusions 

Successful ALD of Pt thin film was achieved at 150°C on a collagen biomaterial for the first time. It was 

found that 400 ALD cycles of Pt was sufficient to obtain 100% surface coverage of Pt on the collagen. A 9 nm seed 

layer of amorphous TiO2 layer, deposited using room temperature ALD prior to Pt ALD, was shown to promote 

higher nucleation to achieve a continuous Pt thin film. Surface chemical analyses confirmed the presence of a pure 

metallic Pt film on collagen surface. A simple LED test qualitatively confirmed the existence of a conductive thin 

film on the collagen surface. Furthermore, electrical measurements showed that resistivity of 295  cm was 

achieved for Pt coated collagen sample with a TiO2 seed layer, while control non-coated collagen was highly 

resistive (resistivity > 1012  cm). Therefore, our low temperature ALD-Pt process is suitable to functionalize heat 

sensitive biomaterials by successful deposition of a conductive metal thin film. This novel flexible and conductive 

biomaterial can potentially be used in wide range of applications. Consequently, future work will focus on its 

application as electrodes in tissue engineering, bioimplants, and as a basis for biosensor devices. 

 

  



91 
 

 

 
Figure 46. (a) Photograph of all the collagen sample groups showing color difference due to Pt nucleation on 

collagen surfaces. (b) Photograph of electrical conductivity test using LED light showing only Coll-TiO2-Pt400 

provided sufficient conductivity to illuminate the LED, but sufficient conductivity was not provided by the other 

sample groups. (c) Average volume resisitvity versus microstrain for the Coll-Pt400 and Coll-TiO2-Pt400 samples. 

Error bars indicate the standard deviation of the volume resistivity from three measurements on each sample. Inset 

photographs show the bending of ALD-Pt coated collagen samples. (d) Photograph of the flexible Coll-TiO2-Pt400 

sample that provided sufficient conductivity to illuminate the LED while the sample was in a flexed state. 
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CHAPTER 5 

 

On the Selective Atomic Layer Deposition of Zirconium Oxide on Electroplated-Based Copper Substrates 

 

5.1 Introduction 

Selective atomic layer deposition (SALD) is vital for downscaling nanoelectronics as it provides a means of 

self-aligned and bottom-up fabrication. Together these allow for sub-5nm critical dimensions as alignment is no 

longer an issue, while reducing the number of fabrication steps and overall cost.[102–104] Atomic layer deposition 

(ALD) is one of the main deposition methods of interest due to its ability to deposit uniform, pin-hole free layers 

with precise thickness control. However, for ALD to be an ideal bottom-up fabrication process, materials need to 

be selectively deposited. Selectivity of ALD can be performed with either area-deactivation or area-activation of 

the substrate. Area-activation SALD primarily relies on the generation of a seed layer on the growth area which 

serves as nucleation sites for subsequent ALD while area-deactivation SALD typically relies on self-assembled 

monolayers (SAMs) or polymers to prevent deposition on the non-growth area. In area-activation SALD, oxides 

serve as the non-growth area; however, as metal oxides and nitrides often nucleate on these oxides, area-activation 

SALD is best suited for deposition of metals.[103,105] Area-deactivation via SAMs represents the majority of 

literature on SALD and with careful selection of the molecules used, this approach can be used for both metals and 

metal oxides.[103] The downside of using SAMs or polymers is that they generally have low thermal stability and 

may be difficult to remove if excessively heated.[103,104] Additionally, SAMs typically require long assembly 

times to form a well-packed monolayer and precursor adsorption on SAMs can reduce selectivity.[103,106] 

Furthermore, both SAMs and polymers must be removed after deposition.[103] On the other hand, area-deactivation 

SALD using thermally stable materials intrinsic to the design of interest such as metals can provide a more efficient 

approach. This approach does require selective adsorption of precursor or co-reactant on specific materials of the 

patterned surfaces but eliminates the removal step making the overall SALD process much more efficient.  

Several materials including HfO2[107], ZrO2[108], TiO2[109], and Ru[110] have been selectively deposited by 

exploiting longer nucleation times of the precursors on metals than on silicon. Of these materials, ZrO2 is of 

particular interest due to its potential use in capacitors[111], field effect transistors[112,113], solid oxide fuel 
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cells[114], protective coatings[115] and catalysis[116]. For ZrO2, selective deposition is believed to be due to an 

electron-beam evaporated copper surface having minimal surface oxides, which thereby had minimal nucleation 

sites for ALD.[108] Although evaporated copper is suitable for small-scale fabrication, high-volume manufacturing 

typically relies on electrolytically plated copper.[117] In comparison to evaporated copper, electroplated copper is 

typically lower purity due to additives and electrolytes from the plating process.[117] Impurities such as sulfur and 

chlorine are expected from the plating process, but their effect on the SALD process has not been studied.[117]  

Reduction of copper oxides has been studied using numerous chemicals including CO[118,119], H2[120], ethyl 

alcohol[121–124], methanol[121], isopropanol[121] and formic acid[121]. Of these chemicals, ethyl alcohol 

(EtOH) was chosen as it has been demonstrated to be capable of reducing copper oxides while serving as an oxygen 

source for ALD of metal oxides[107,108]. With EtOH vapor supplied at room temperature, CuO is reported to 

reduce at a rate of ~0.01-0.02 nm/sec with a reactor temperature of 200°C[122,123]. Satta et al. also report reducing 

cuprous oxide (Cu2O) at a faster rate, ~1 nm/sec, and so it is expected that Cu2O is of less concern when trying to 

reduce a copper surface to an oxide free, metallic Cu[122]. Considering these reduction rates, thicker layers of CuO 

could dramatically increase the amount of time needed for reduction, while thicker Cu2O would have less effect.  

Previous work from our lab has demonstrated SALD of ZrO2 on patterned silicon and electron beam evaporated 

Cu substrates, where gaseous diffusion of reaction byproducts was believed to influence selectivity[108]. In this 

present work, we report SALD of zirconia on separate electroplated copper and Si substrates and show an increased 

selectivity by optimizing EtOH vapor exposure to the substrates prior to deposition, referred to as pretreatment. The 

likely pathway for selective deposition is ethanol reduction of the copper oxides on the surface, and at the same 

time, ethoxy and hydroxyl formation on the silicon surface[125,126] and oxidation of the zirconium precursor. 

However, as indicated in our previous work, reaction byproducts also influence selectivity. The thickness of the 

ZrO2 films on Si and Cu were measured via ellipsometry. The presence of Zr on these substrates was probed and 

analyzed through XPS and selectivity was quantified using the area of the Zr 3d peaks. Changes in selectivity with 

EtOH pretreatment times were attributed to reduction of the copper oxides and byproduct formation. 

5.2 Methods and Materials 

SALD of ZrO2 was performed in a custom built hot-wall ALD reactor (patent #10214817) at 200 °C[127] 

and 400 mTorr. The reactor design is described in detail elsewhere[127]. Substrates for deposition consisted of 2 
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cm x 2 cm pieces of p-type, highly doped, 1-5 Ω-cm <100> silicon and electroplated copper on silicon. The 

electroplated copper samples were composed of 10 nm of Ta and 100 nm of Cu deposited via physical vapor 

deposition and 500 nm of electroplated Cu on silicon. Prior to deposition the substrates were rinsed with deionized 

water (17.7 MΩ-cm) for 10 seconds and thoroughly dried with N2 (99.99%, Praxair). The samples were then loaded 

into the reactor with the copper sample in front of the silicon sample with respect to flow through the reactor. Prior 

to deposition, the substrates were treated in-situ with continuous flow of ethanol vapor for 0 to 60 minutes at 200°C. 

After this pretreatment, 2 minutes of Ar purge were used for every 5 minutes of ethanol flow. 

The zirconium precursor, tris(dimethylamino)cyclopentadienyl zirconium (ZyALDTM), was kept in a stainless steel 

bubbler at 50°C and supplied with Ar (99.99% Ar, Praxair) as the carrier gas and the overall flow was adjusted to 

maintain a deposition pressure of 400 mTorr. Ethanol (200 proof, Decon Labs #2716) was used as the co-reactant 

and was kept in a glass wash bottle in an ice bath with N2 (99.99%, Praxair) as the carrier gas with a back pressure 

of 5 psig. Ethanol was supplied through a 100 µm aperture and the system pressure was ~750 mTorr with only 

ethanol flowing. An individual ALD cycle consisted of a zirconium precursor pulse of 2 seconds followed by 15 

seconds of Ar purge, a 15 second ethanol pulse and 30 seconds of Ar purge.  

The zirconia film thickness on silicon and copper was measured using spectral ellipsometry (Model M-44, 

J.A. Woollam Co.). X-ray photoelectron spectroscopy (Kratos AXIS-165, Kratos Analytical Ltd.) was performed 

with a monochromatic Al Kα X-ray source, an accelerating voltage of 12 kV and an emission current of 10 mA. 

Survey scans were acquired with dwell times of 400 msec, a pass energy of 80 eV, 1 eV steps and 1 sweep. High-

resolution scans were acquired with dwell times of 800 msec, a pass energy of 20 eV, 0.1 eV steps and 5 sweeps. 

X-ray photoelectron spectroscopy (XPS) spectra were aligned to have the carbon 1s peaks at 284.8 eV.   

5.3 Results 

To provide comparison to our previous research on SALD of ZrO2 on electron beam evaporated copper, 

survey and high-resolution X-ray photoelectron spectra of electron beam evaporated and electroplated copper were 

collected. As there are significant differences between the copper deposition processes, large differences were 

expected in the deposited copper. For example, the XPS survey scans showed ~3 at.% less copper, ~9 at.% more 

carbon, and ~7 at.% less oxygen on the electroplated copper compared to the electron beam evaporated copper. The 

larger carbon content and lower copper content is most likely due to the additional processing steps and use of 
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organic additives in the plating process[128] while the lower oxygen content may likely be due to less carbonate 

(CO3) as indicated by the spectral profile of the C1s region as explained more fully below. 

High-resolution X-ray photoelectron spectra for the C1s, O1s, Cu LMM, and Cu 2p regions are shown in 

Figure 47 and peak-fitting parameters from Biesinger[129] and Zhu et al.[130] were used for analysis. From the 

deconvolution of the C 1s region, electroplated copper has less CO3 at ~289.3 eV, but more C-OH and C=O at 286.1 

eV and 287.7 eV, respectively. Deconvolution of the O 1s region of these samples show mixtures of Cu2O, CuO 

and Cu(OH)2/CuCO3 and for these species more detailed analysis was done using the Cu LMM and Cu 2p regions. 

These regions show that the electroplated copper was ~20% Cu(0), ~62% Cu2O, ~4% CuO, and ~15% 

Cu(OH)2/CuCO3 and the electron beam evaporated copper was ~33% Cu(0), ~52% Cu2O, ~3% CuO, and ~12% 

Cu(OH)2/CuCO3. After examining the differences between the copper substrates, SALD of ZrO2 was performed on 

electroplated copper.  

Thickness of deposited ZrO2 films measured via spectral ellipsometry versus number of ALD cycles is 

shown in Figure 48a for the silicon and electroplated Cu coated silicon substrates. All these samples were treated 

with 5 minutes of continuous EtOH flow prior to ALD. ZrO2 thickness on silicon was found to increase linearly 

with the number of ALD cycles at a rate approximately 0.33 Å/cycle. ZrO2 thickness on Cu for 100 or fewer cycles 

was measured to be zero and above 100 cycles, thickness increased at a rate of approximately 0.33 Å/cycle. These 

growth rates are similar to the growth rate of ALD on electron beam evaporated Cu (0.40 Å/cycle)[108] and less 

than half the rate when using the same precursor but with ozone as the oxygen source (0.87 Å/cycle)[131]. Based 

on the results of Figure 2, selective deposition was observed up to 100 ALD cycles with a 5-minute ethanol 

pretreatment. In addition, spectral ellipsometry modeling of ZrO2 and copper oxides was performed. Although 

copper oxide is reported to form a binary layer with CuO as the top layer and Cu2O as the bottom layer, in contact 

with metallic Cu,[122,132] best-fit results in all ALD samples were obtained using an ellipsometric model with 

only CuO. After a DI rinse and N2 dry a CuO thickness of ~1 nm was measured. However, as our samples were 

loaded into the deposition reactor at 200°C and unloaded into ambient air, further oxidation by ambient exposure 

may be expected. The impact of ambient exposure of the Cu substrate during loading and unloading was examined 

by measuring the CuO thickness using spectral ellipsometry before and after loading Cu substrates into the reactor. 

With loading and unloading Cu substrates without cooling the reactor, a CuO thickness of ~5 nm was measured. In  
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Figure 47. High-resolution X-ray photoelectron spectra of the electron beam evaporated (EB) and electroplated 

copper (EP) substrates after a DI H2O rinse and N2 dry. (a) C 1s. (b) O 1s. (c) Cu LMM. (d) Cu 2p.  
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contrast, ~2 nm of CuO was measured after loading the Cu substrate into the reactor, cooling the reactor to ~66 °C 

at 200 mTorr with 30 sccm of Ar flow, and then unloading it.  

Thus, we estimate ~4 nm additional Cu forms upon unloading samples from the hot reactor in cases where 

there is no ZrO2 deposition. Since the oxidation due to unloading occurs after deposition, this should not 

significantly affect the SALD process, and so the reactor was not cooled prior to unloading other samples. After 

pretreatment and ALD of zirconia, the CuO thickness measured decreased with both 5-minute EtOH pretreatment 

and increasing ALD cycles. This decrease in CuO thickness is attributed to reduction of the CuO from the EtOH 

pretreatment and cyclic EtOH exposure during the ALD process. As variation in the loading and unloading time 

might affect the CuO thickness, the work presents only preliminary general trends in the CuO thickness with the 

processing conditions used.  

The XPS spectra for Si and electroplated Cu coated Si substrates with different number of ALD cycles and 

a 5-minute EtOH pretreatment are also shown in Figure 48. From the XPS survey scans of the electroplated Cu-

coated Si substrate shown in Figure 48b, Cu 2p: 933 eV and 953 eV, 3p: 76 eV, 3s: 123 eV, O 1s: 531 eV, and C 

1s: 285 eV were detected. The Cu peaks are from the electroplated Cu substrate and thin Cu oxide layer. Oxygen is 

likely from the copper oxides and carbonate present while carbon is from adventitious carbon and carbonate. For 0 

to 70 ALD cycles, no Zr was detected on the electroplated Cu, but was detected on Si, indicating selective deposition 

as previously observed in our work for electron beam evaporated Cu[108]. The similarity of selectivity observed 

here was unexpected for two reasons. One, there were additional impurities on the electroplated Cu due to the 

additional processing steps and additives used in the electroplating process. But apparently these differences 

identified through XPS do not significantly affect the SALD process. Secondly, gaseous diffusion of byproducts 

from the silicon to the copper substrate which is believed to play a role in selectivity[108] on electron beam 

evaporated Cu is highly unlikely in the present studies.  

Further analysis of XPS shows Zr was detected on the Cu samples with 100 or more ALD cycles showing 

less selectivity than indicated by spectral ellipsometry which showed no evidence of a ZrO2 layer at 100 cycles. 

This difference is believed to be due to a very thin or non-uniform ZrO2 film on the Cu samples after 100 ALD 

cycles which can be detected by XPS but not ellipsometry. The Zr peaks observed by XPS after 100 cycles were 

3d: 183 eV and 185 eV and 3p: 333 eV and 347 eV. After 200 cycles, Zr 3d and 3p peak intensities increased and 
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Zr 3s: 432 eV and 4p: 31 eV peaks become visible, indicating a thicker ZrO2 film on copper. Overall, Zr peak 

intensities were found to increase with the number of ALD cycles while Cu peak intensities decreased as indicative 

of increasing ZrO2 thickness.  

Figure 48c shows the XPS survey scans on Si with different ALD cycles after a 5-minute EtOH 

pretreatment. The peaks detected from the survey of the Si substrate with 0 ALD cycles are Si 2p: 99 eV, 2s: 150 

eV, C 1s: 285 eV and O 1s: 532 eV. Si peaks are attributed to both the substrate and a ~1.5 nm native silicon oxide. 

Oxygen peaks are also likely from the native silicon oxide, while the carbon peak is attributed to adventitious 

carbon. After 50 cycles of ZrO2 ALD, Zr peaks 4p: 31 eV, 3d: 183, 185 eV, 3p: 333, 347 eV and 3s:432 eV are 

visible. The intensities of these peaks increase with the number of ALD cycles, while the Si peaks decrease as 

indicative of increasing ZrO2 thickness. Zr peak intensities were greater on Si than on Cu after 100 cycles indicating 

lower selectivity above 70 ALD cycles. 

Zirconia ALD on silicon and Cu substrates was further studied using different EtOH pretreatment times 

and 100 ALD cycles. Figure 49 shows the XPS spectra for 100 ALD cycles of ZrO2 deposited on Si and Cu 

substrates after EtOH pretreatment times of 0 to 60 minutes. The characteristic Zr 3d peaks from these XPS spectra 

were used to determine the effect of pretreatment time on selectivity. The area of the Zr 3d peaks on silicon was 

divided by the area of the Zr 3d peaks on Cu. ZrO2 ALD was performed on these samples at the same time and XPS 

was performed on these samples in the same run. This ratio versus pretreatment is shown in Figure 50. From this 

figure, selectivity was found to increase to a maximum with a ~30-minute EtOH pretreatment, while it actually 

decreased with longer pretreatment times. The maximum selectivity reached was ~6X more ZrO2 deposited on the 

Si substrate compared to the Cu substrate. The lowest selectivity was found using no pretreatment where ~20% 

more ZrO2 was deposited on Cu than on Si. This is likely due to an increase in the active sites on Si with a 5-minute 

EtOH pretreatment versus no pretreatment. Adsorption and redox reaction of EtOH on the Si surface leads to 

formation of hydroxyl and ethoxy groups[125,126] which increases the number of active sites resulting in increased 

growth of ALD ZrO2 on Si with the EtOH pretreatment. However, the EtOH adsorption likely saturates within ~5 

minutes as additional exposure appeared to have little effect on the ZrO2 growth. The increase in selectivity with 

pretreatment time is attributed to reduction of copper oxides and was consistent with our ellipsometry 

measurements, which showed decreasing CuO thickness with EtOH pretreatment time. The decrease in selectivity  
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Figure 48. (a) ZrO2 film thickness on silicon and electroplated copper coated silicon substrates versus number of 

ALD cycles, where film thickness was measured via spectral ellipsometry and error bars indicate the uniformity of 

the film across the samples. Deposition consisted of a 5-minute ethanol pretreatment and 2-minute Ar purge 

followed by 2 s ZyALD:15 s Ar and 15 s ethanol:30 s Ar pulses at 200°C. (b-c) X-ray photoelectron spectra of 

samples prepared with a 5-minute ethanol pretreatment and 0 to 200 ALD cycles of ZrO2. (b) Spectra for 

electroplated copper coated silicon substrates. (c) Spectra for silicon substrates.   
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Figure 49. X-ray photoelectron spectra of samples prepared with different ethanol pretreatment times and 100 ALD 

cycles of ZrO2. (a) Spectra for silicon substrates. (b) Spectra for electroplated copper coated silicon substrates. 
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Figure 50. Ratio of Zr 3d Area (Si/Cu) vs. ethanol pretreatment time. 
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with pretreatment times beyond ~30 minutes is attributed to byproduct formation on the copper surface; this is 

corroborated by thermodynamic analyses of these electronic material systems.[133,134]  

To investigate this byproduct formation on the electroplated copper surface, XPS spectra were acquired 

after 60 minutes of EtOH pretreatment and are shown in Figure 51. This pretreatment was performed at 200°C. 

Afterwards, the reactor was cooled to 30°C and the sample was transferred to the XPS chamber within 

approximately 30 minutes of ambient air exposure from the transfer. The XPS spectra after this EtOH treatment are 

quite similar to the spectra for copper after EtOH treatment by Chabal et al.[124] From the carbon spectra, less C-

O-C/C-O-H (283.2 eV) and CO3 (289.3 eV), but similar amounts C-C (284.8 eV) and C=O (287.9 eV) are observed. 

Additionally, a significant decrease in the oxygen peak was observed and from peak-fitting the O 1s, Cu 2p and Cu 

LMM regions, the oxide is predominately Cu2O with small amounts of CuO and Cu(OH)2. These results indicate 

that the heating and ethanol treatment reduces the copper oxides, carbonates and C-O-C/C-O-H bonds. However, 

identification of byproducts is difficult due to volatility of some plausible species like acetaldehyde and CO2 as well 

as ambient exposure during transfer to the XPS system. Acetaldehyde and ethyl species may be present based on 

the C-C and C=O bonds observed by XPS. Both acetaldehyde and ethyl species have been reported to form from 

EtOH reduction of Cu.[135,136] Comprehensive thermodynamic analyses within the framework introduced for the 

selective growth of electronic materials[133,134] have also corroborated these results. Formation of byproducts 

such as H2O and CO2 are also thermodynamically favorable and have been reported to form from the reaction of 

EtOH and oxides on Cu at 200°C[122,135] Furthermore, H2O and CO2 form carbonates on the Cu surface[136]. 

This is also in agreement with the work of Pena et al. who found carbonates can deposit on the copper surface 

during EtOH reduction, if byproducts are not removed from the reactor.[124] In the present studies, there is 

continuous gas flow purging of the reactor during EtOH pretreatment and so less carbonates likely form. This is 

consistent with our observed decrease in carbonates after ethanol treatment. Nonetheless, byproducts which adhere 

to the copper surface can still serve as nucleation sites for ZrO2 ALD since there is a continuous decrease in 

selectivity with pretreatment times longer than 30 minutes; these byproducts were found to increase with ethanol 

pretreatment time.[133,134]  

Similar to our work on electron beam evaporated Cu, reduction of Cu oxides on electroplated Cu can be 

explained as adsorption of EtOH on the Cu oxides and oxidation of the EtOH. Partial oxidation of EtOH forms  
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Figure 51. X-ray photoelectron spectra of electroplated copper after DI water rinse (EP) and after 60 minutes of in-

situ ethanol treatment at 200°C (EP-EtOH).  (a) C 1s. (b) O 1s. (c) Cu LMM. (d) Cu 2p. 
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acetaldehyde and H2O, whereas complete oxidation of EtOH forms CO2 and H2O[135]. As selectivity varied for 

different pretreatment times, EtOH exposure to the substrates prior to deposition clearly affected the nucleation 

time for ALD of ZrO2. Partial reduction of Cu oxides prior to ALD reduces the number of active sites available, 

while excessive pretreatment causes accumulation of some byproducts on the Cu surface which increase the number 

of active sites; this is also supported from thermodynamic analyses.[133,134] Loss of selectivity with ALD cycles 

greater than 70 cycles is likely due to the increased time available for relatively slow, yet unknown nucleation 

mechanism(s) for the ZrO2 on the Cu substrate. Based on these studies, SALD of ZrO2 on electroplated Cu may be 

significantly enhanced further, well beyond 70 cycles, via optimization of the ALD reactor, precursor delivery, and 

alternate selection of ALD precursor and oxidizer.  

Thermodynamic analyses with different alcohols indicate that alcohols with shorter hydrocarbon chain are 

predicted to perform better in the Cu reduction during zirconia area-selective ALD, assuming everything else is the 

same,[133,134] in agreement with related data reported in the literature.[126] Yet, the highest value of 

oxygen/carbon ratio in the alcohol with the shortest hydrocarbon chain, i.e., methanol, can result in insufficient 

copper oxide reduction during zirconia SALD. Overall, important factors in an SALD system involve the relative 

amounts of carbon and oxygen in the ALD reactor (including oxygen from system base pressure elements and feed 

impurities) as well as the deposition conditions. 

5.4 Conclusions 

Thin ZrO2 films were selectively deposited on Si and not on electroplated Cu using 

tris(dimethylamino)cyclopentadienyl zirconium and ethanol at 200 °C. Deposition was selective between Si and 

electroplated Cu substrates for at least 70 ALD cycles. Through optimization of the ethanol pretreatment time, the 

selectivity of the deposition for 100 ALD cycles was increased to have approximately 6 times more ZrO2 deposited 

on the silicon substrate than on the copper substrate. Increase in selectivity with ethanol pretreatment time up to 

~30 minutes was attributed to increasing reduction of the copper oxides coupled with minimized byproduct 

formation on the substrate. The decrease in selectivity after ~30 minutes of pretreatment is attributed to byproduct 

formation and deposition on the Cu surface. As decreasing the copper oxides on the electroplated copper substrate 

improves selectivity, it is necessary to minimize the oxides and byproduct formation on the same Cu surface. 

Minimizing the oxides and byproducts could be accomplished for example, with EtOH pulses followed by inert gas 
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purges introduced in a cyclic manner.[124,133] In addition to introducing the EtOH pretreatment in a cyclic manner, 

further improvement in selectivity is possible with careful optimization of the ALD recipe and reactor design.   
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CHAPTER 6 

 

Selective Atomic Layer Deposition of Zirconium Oxide on Chemically Mechanically Polished Copper 

 

6.1 Introduction 

Selective atomic layer deposition (SALD) has the potential to reduce the number of processing steps 

involved in device fabrication, reducing the overall cost and complexity of fabrication. SALD can be achieved 

through different methods which can be largely classified into area-activation SALD or area-deactivation SALD. 

These processes are similar to the conventional atomic layer deposition (ALD) process, but often with a few 

additional steps. For area-activation SALD, seed layers of material are deposited where ALD growth is desired 

while little or no growth occurs without the seed layer. Area-deactivation SALD most commonly relies on self-

assembled monolayers (SAMs) which are patterned and prevent growth where they are deposited. For area-

activation, the materials which can be deposited and used for the non-growth areas are often limited. In area-

deactivation SALD, the deactivating materials typically must be removed after the deposition process. An improved 

approach is to use a material already present in the device fabrication to prevent deposition, eliminating the need 

for removal.  

In our previous work we demonstrated SALD of zirconia (ZrO2) on electron beam evaporated[108] and 

electroplated copper. Electroplated copper has largely become the material of choice for interconnects in integrated 

circuits.[137] The change from aluminum to copper has been driven by integrated circuit scaling and performance 

needs. Copper has lower resistivity, higher thermal conductivity, lower activation energy and is more resistant to 

electromigration failures[138,139]. Together these allow for smaller dimensions and higher current densities while 

providing higher performance. Other than being used in complimentary metal-oxide-semiconductor (CMOS) 

technology, electroplated copper can be used as metal coatings on optical fibers for making high temperature optical 

sensors[140], and to create contacts in silicon solar cells.[141]  

Despite the advantages of copper, it is quickly oxidizing in air at low temperatures and does not form a self-

protective oxide layer to prevent further oxidation. Furthermore, copper is more difficult to pattern using 

conventional etching techniques.[139] To eliminate the need to etch copper, techniques such as the damascene 
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process are used which also reduce the number of processing steps compared to fabrication of aluminum 

interconnects.[139,142] In the damascene process, a dielectric is deposited and etched, then a barrier film and copper 

seed layer are deposited, and last copper is electroplated and chemically mechanically polished (CMP).[142] The 

electroplating process fills in the trenches and VIAs etched in the dielectric and the copper is often over-plated to 

ensure these areas are filled. CMP is then used to remove the excess copper and planarize the surface. However, 

both the electroplating and CMP processes can introduce impurities into or onto the copper, affecting the SALD 

process.  

In the electroplating process, the copper seed layer serves as the cathode and the flow of electrical current 

through a copper electrolyte causes copper ions to deposit onto this seed layer. In addition to the electrolyte, there 

are a number of additives in the electroplating process which control the deposition rate and location in order to 

establish void-free filling of trenches and VIAs. [143] These additives are primarily suppressors/brightening agents, 

accelerators, and levelers.[143] In copper-sulfate based plating, suppressors such as polyethylene glycol or 

polypropylene glycol are used and combine with chloride ions to reduce the deposition rate.[143] Accelerators such 

as bis(sodiumsulfopropyl) disulfide are used to form electroactive species which increase deposition and levelers 

such as thiourea or benzotriazole are used control surface morphology and even out current distribution to produce 

a uniform plated surface.[143] These and other additives can introduce impurities into the copper film such as 

hydroxides, complex metal ions and hydrogen gas bubbles.[117,137] However with careful control of the plating 

process, these impurities can be avoided, and in our work on electroplated copper, no impurities were detected by 

X-ray photoelectron spectroscopy (XPS) on commercially plated copper substrates. Therefore, little difference in 

selectivity was found between electron beam evaporated and electroplated copper. 

The final part of the damascene technique is the CMP process. In the CMP process, a slurry of chemicals 

and abrasives in conjunction with an abrasive pad are used to chemically and mechanically remove material to 

create a uniform surface. The chemical slurry is generally composed of three main components: abrasive particles, 

a chemical for dissolving material removed from the surface, and a chemical for limiting the dissolution of the 

polished material. For polishing of copper, silica  is commonly used as an abrasive[144] while ferricyanide and 

benzotriazole (BTA) are commonly used for the dissolution chemical, and dissolution inhibitor, respectively[138]. 

In addition to ferricyanide based slurries, numerous other chemicals have been investigated for use in CMP 
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slurries[145]; however, the chemicals most likely to remain on the surface after the CMP process are the dissolution 

inhibitors, such as BTA, which form complexes with the copper or copper oxide[146,147]. As the CMP process is 

the last part of the damascene technique, selectivity after this process is essential in order to use the copper in the 

SALD process. Yet, the effect of impurities from the CMP process on selectivity have not been studied. 

Here we report on the chemical species and oxides observed via XPS of the CMP copper substrate, their 

effect on the SALD of ZrO2, further characterization of the SALD process, and techniques for increasing selectivity. 

The thickness of the deposited ZrO2 films on silicon and copper were measured via spectral ellipsometry. 

Differences in chemical species, oxides and selectivity were analyzed via XPS, where ratios of the atomic 

percentage of Zr were used to quantify selectivity.  

6.2 Methods and Materials 

SALD of zirconia was performed using a custom built hot-wall reactor which is described in detail 

elsewhere.[127] Deposition was performed at 200°C with a deposition pressure of approximately 400 mTorr. 

Tris(dimethylamino)cyclopentadienyl zirconium (ZyALDTM) was used as the zirconium precursor and was kept in 

a stainless steel bubbler at 50°C. Zr precursor was supplied using Ar (99.999% Ar, Praxair) as the carrier gas. 

Ethanol (200 proof, Decon Labs #2716) was used as the co-reactant and supplied with N2 (99.999%, Praxair) as the 

carrier gas with a back pressure of 5 psig. During deposition, ethanol was kept in a glass wash bottle in an ice bath. 

Flow of ethanol was restricted using a 100 µm aperture and produced a system pressure of ~1500 mTorr with only 

ethanol flowing. Each ALD cycle consisted of a zirconium precursor pulse of 7 seconds, 20 seconds of Ar purge, 

15 seconds of ethanol pulse, and 55 seconds of Ar purge. 

Substrates for deposition consisted of 2 cm x 2 cm pieces of silicon, electroplated copper on silicon and 

electroplated copper on silicon that had been chemically mechanically polished. Silicon substrates were <100>, p-

type, highly doped, with resistivities of 1-5 Ω-cm (WaferPro, C04007). Electroplated copper substrates consisted 

of 500 nm of electroplated Cu on top of 100 nm of Cu and 10 nm of Ta deposited via physical vapor deposition on 

silicon. Electroplated copper substrates that had been through the CMP process were used directly after the polishing 

process and after treatments used to try to remove benzotriazole, the dissolution/corrosion inhibitor used during the 

polishing process. The first treatment was in-situ ethanol treatment at 200°C and ~1500 mTorr for 60 minutes. The  
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second treatment was heating to 335°C in a tube furnace (Lindberg, Model 54032) at 640 mTorr for 60 min with 

N2 (99.99%, Praxair) flow through the furnace.  

Before treatment of the substrates or deposition for non-treated samples, substrates were rinsed with 

deionized water (17.7 MΩ-cm) and dried with N2 (99.99%, Praxair). Following treatment or the pre-deposition 

rinse, the substrates were loaded into a quartz boat and inserted into the reactor with the copper sample in front of 

the silicon sample with respect to flow through the reactor. Additionally, a dummy sample with the same dimensions 

as the Cu and Si samples was placed in front of these samples with respect to flow. Substrates were allowed ~10 

minutes to reach the deposition temperature of 200°C before being treated in-situ with ethanol vapor. This in-situ 

treatment was performed before deposition with ethanol vapor introduced as a continuous flow for 5 minutes.  

Spectral ellipsometry was used to measure the zirconia film thickness on silicon and copper substrates 

(Model M-44, J.A. Woollam Co.). X-ray photoelectron spectroscopy (Kratos AXIS-165, Kratos Analytical Ltd.) 

was performed with a monochromatic Al Kα X-ray source. Survey scans were performed with a dwell time of 400 

msec, an emission current of 10 mA, an accelerating voltage of 12 kV, a pass energy of 80 eV and 1 sweep. High-

resolution scans were performed with the same emission current and accelerating voltage, a dwell time of 800 msec, 

a pass energy of 20 eV and 2-5 sweeps. X-ray photoelectron spectroscopy (XPS) spectra were aligned to have the 

carbon 1s peaks at 284.8 eV. XPS peak fitting was performed using CasaXPS with fitting parameters for the Cu 

L3M4.5M4.5, Cu 2p, C 1s, and O 1s regions from the work of Biesinger[129] and Zhu[130] and a Shirley background 

correction.  

6.3 Results 

The SALD window was characterized by measuring the thickness of ZrO2 deposited on silicon substrates 

via spectral ellipsometry aftter70 ALD cycles with different precursor and oxidizer pulse times. The spectral 

ellipsometry measurements of the ZrO2 thickness were divided by the number of ALD cycles to determine the 

growth per cycle and the growth rates from these saturation studies are shown in Figure 52. ZrO2 growth appears 

to plateau for precursor pulse times of 6 seconds or longer when a 15 second oxidizer pulse is used. While a plateau 

in ZrO2 growth is observed for oxidizer pulse times of 10 seconds or longer when precursor pulse times of 7 seconds 

are used. Therefore, precursor pulse times of 7 seconds and oxidizer pulse times of 15 seconds were used for the 

ALD process. In both of these saturation studies, the second slot with respect to flow through the reactor was  
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Figure 52. Spectral ellipsometry measurements of ZrO2 thickness and growth rate on silicon substrates from 70 

ALD cycles. (a) ZrO2 growth rate versus precursor pulse times when an oxidizer pulse time of 15 seconds was used. 

(b) ZrO2 growth rate versus oxidizer pulse times when a precursor pulse time of 7 seconds was used. 
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measured as flow stagnation and less uniform growth was measured for substrates in the first slot. Other than these 

saturation studies, the first slot was always occupied by a dummy sample with the same dimensions as the other 

substrates. The influence of precursor and oxidizer purge times were not investigated; however, 20 seconds of purge 

time for the zirconium precursor and 55 seconds of purge time for the oxidizer appeared sufficient as the deposition 

pressure had returned to 400 mTorr after purging.  

XPS surveys of electroplated (EP) and chemically mechanically polished (CMP) copper substrates after a 

deionized water rinse and N2 dry are shown in Figure 53. The peaks observed, and their locations are given in 

Table VII. Little difference was observed between the peak locations from the different Cu substrates. However, a  

 

 

 

 

 

Substrate 
Cu 2p3/2 

(eV) 

Cu 3p 

(eV) 

Cu 3s 

(eV) 
C 1s (eV) O 1s (eV) N 1s (eV) 

EP 
952.5, 

932.5 
76 123 284.8 531 - 

CMP 
952.5, 

932.5 
76 123 284.8 531 399 

TABLE VII. PEAKS OBSERVED FROM X-RAY PHOTOELECTRON SPECTRA OF THE COPPER 

SUBSTRATES SHOWN IN FIGURE 1. SPECTRA WERE ALIGNED TO HAVE THE CARBON 1S PEAK AT 

284.8 EV.  

 

 

 

 

nitrogen 1s peak: ~399 eV was observed for the chemically mechanically polished (CMP) sample. The nitrogen 

peak is likely due to the heterocyclic amine, benzotriazole (BTA)[148]. BTA is introduced during the polishing 

process for corrosion inhibition, surface passivation and as a dissolution inhibitor.[148] Atomic percentages of Cu, 

C, O, and N from the XPS surveys are shown in Table VIII. The larger carbon content in the CMP sample may be  

 

 

 

 

Substrate 
Cu 

(At. %) 

C 

(At. %) 

O 

(At. %) 

N 

(At. %) 

EP 15.7 33.1 51.2 0.0 

CMP 17.4 38.4 41.6 2.6 

TABLE VIII. ATOMIC PERCENTAGES CALCULATED FROM THE SURVEYS. EP: ELECTROPLATED 

CU SUBSTRATE. CMP: CHEMICALLY MECHANICALLY POLISHED CU SUBSTRATE.  
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Figure 53. X-ray photoelectron spectra of the copper substrates. EP: Spectra for the electroplated Cu substrate. 

CMP: spectra for the chemically mechanically polished Cu substrate. Spectra were aligned to have the carbon 1s 

peak at 284.8 eV and all samples were rinsed with DI water and dried with N2 prior to XPS.  
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from additives in the CMP process, the BTA coating, or from variation in handling prior to XPS. The larger 

copper and lower oxygen content in the CMP sample are likely due to the corrosion inhibition properties of the 

BTA coating which reduce oxidation in the ambient air, resulting in a more metallic copper surface. 

High resolutions scans of the C 1s region are shown in Figure 54a.  The adventitious carbon peak is used  

for charge correction at a binding energy of 284.8 eV. Deconvolution of the carbon peaks show a mix of adventitious 

carbon (C-C at 284.8 eV, C-OH at 286.3 eV, C=O at 287.7 eV, and C-O-C at 288.6 eV)[129], graphitic carbon 

(C=C at 284.2 eV)[149] and carbonate (CO3 at 289.3 eV)[130]. Graphitic carbon may be from carbon 

contamination[149] or the BTA coating while carbonate has been reported to form on copper after exposure to CO2  

and H2O.[124] Despite the BTA coating on the CMP sample, the largest difference in the C 1s region was the larger 

amount of carbonate on the EP sample (~14% vs. 7% of the C 1s peak area).  

A high-resolution scan of the O 1s region from the copper substrates is shown in Figure 54b. Both 

substrates show a mix of Cu2O (lattice at 530.3 eV, defective at 531.4 eV), CuO (lattice at 529.5 eV, defective at 

531.2 eV) and Cu(OH)2/CuCO3 at 531.4 eV.[129] However less Cu(OH)2/CuCO3 (~50% vs. 56% of the O 1s peak 

area) and more Cu2O (~49% vs. 40% of the O 1s peak area) are observed on the CMP substrate compared to the EP 

substrate. Less carbonate is consistent with the C 1s region and less carbonate/hydroxide may be expected due to 

the hydrophobicity of the Cu-BTA surface film.[150]  

High resolution scans of the Cu 2p and Cu L3M4.5M4.5 regions are shown in Figure 54c and Figure 54d, 

respectively. As differentiation of the Cu species using the Cu 2p region is difficult when both Cu(II) and Cu(I) are 

present, the Cu 2p region was only used to find the approximate amounts of Cu(II) and Cu(0) + Cu(I). The amount 

of Cu(II) was found using the area of the satellite between ~937 and 945 eV and the amount of Cu(0) + Cu(I) was 

found using the area of the Cu 2p3/2 peak. Further differentiation of the Cu species was done using the Cu L3M4.5M4.5 

region. Deconvolution and peak fitting of the Cu L3M4.5M4.5 region is shown in Figure 55 where Cu(0), Cu2O, CuO, 

and Cu(OH)2/CuCO3 were included in the peak fitting and their contributions to the Cu Cu L3M4.5M4.5 region are 

shown in Table IX. Similar to the O 1s and C 1s regions, a smaller amount of hydroxide/carbonate and oxide was 

observed on the CMP Cu substrate. The smaller amount of Cu2O and larger amount of CuO relative to the Cu LMM 

region on the CMP Cu substrate are likely due to a thinner oxide layer due to the BTA coating limiting oxidation. 

The amounts of Cu(0) + Cu(I) and Cu(II) from the Cu L3M4.5M4.5 region are in agreement with the areas from the  
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Substrate Cu2O (%) Cu(0) (%) CuO (%) Cu(OH)2 (%) 

EP 62 19 4 15 

CMP 34 40 17 9 

TABLE IX. CONTRIBUTIONS TO THE CU L3M4.5M4.5 PEAKS FROM CU2O, CU(0), CUO, AND CU(OH)2 

CALCULATED FROM FITTING THE PEAKS SHOWN IN FIGURE 54. 

 

 

 

 

 

Cu 2p region. However, it is important to note that this quantification uses peak fitting parameters from standards 

composed of only one chemical state. Therefore, variation in these values due to mixtures of the chemical states 

may reduce the accuracy of the quantification.  
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Figure 54. X-ray photoelectron spectra from electroplated (EP) and chemically mechanically polished (CMP) Cu 

substrates. (a) C 1s. (b) O 1s. (c) Cu LMM. (d) Cu 2p. 
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Figure 55. High-resolution X-ray photoelectron spectra of the copper Cu L3M4.5M4.5 region with peak fitting. (a) 

Spectra for the electroplated Cu substrate. (b) Spectra for the chemically mechanically polished Cu substrate. 

Spectra were aligned to have the carbon 1s peak at 284.8 eV and all samples were rinsed with DI water and dried 

with N2 prior to XPS. 
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After examining the chemical species present on the CMP copper substrates, 50 and 70 ALD cycles of ZrO2 

were deposited onto these substrates and silicon reference samples after 5-minute EtOH treatments at 200°C. XPS  

spectra for these samples are shown in Figure 56. Zr 3d and 3p peaks are visible on the CMP copper substrates 

after 50 ALD cycles and Zr 3s, 3p and 3d peaks with higher intensity can be seen after 70 ALD cycles. Whereas Zr 

4s, 3d, 3p and 3s peaks are visible on the silicon substrates after 50 and 70 ALD cycles of ZrO2. Comparing the 

peaks and peak intensities on the Si and Cu substrates shows that there is some selectivity on the CMP Cu with 50 

ALD cycles. This selectivity was quantified using the atomic percent Zr on Si divided by the atomic percent Zr on 

Cu, and was found to be ~7 for 50 ALD cycles and ~2.5 for 70 ALD cycles. This result contrasts with our work on 

electron beam evaporated [108] and electroplated copper which showed no ZrO2 for up to 70 ALD cycles. 

Additionally, a N 1s peak is visible on the CMP copper substrate after 50 ALD cycles which suggests that the BTA 

coating isn’t removed by the 5-minute EtOH treatment or the ZrO2 ALD process.  

As our work on electroplated copper showed that differences in copper oxides do not significantly affect 

the SALD process, we studied the effect of prolonged EtOH treatment and heating at on the copper surface and 

BTA-Cu complex. BTA has been extensively studied and has been found to desorb from the Cu surface at 

temperatures above approximately 300 °C.[124] However, the effect of EtOH treatment on BTA has not been 

reported. EtOH treatment was performed for 60 minutes at 1500 mTorr and 200°C and the heat treatment was 

performed by heating the substrate at 335°C and 640 mTorr with N2 flow for 60 minutes. The atomic percentages 

of Cu, C, O, and N from XPS survey scans of the treated and untreated CMP substrates are shown in Table X. Both  

 

 

 

 

 

Substrate 
Cu 

(At. %) 

C 

(At. %) 

O 

(At. %) 

N 

(At. %) 

CMP 17.4 38.4 41.6 2.6 

CMP-EtOH 36.1 31.7 29.3 2.9 

CMP-HT 46.7 20.9 32.4 0.0 

TABLE X. ATOMIC PERCENTAGES CALCULATED FROM THE SURVEYS. CMP: CHEMICALLY 

MECHANICALLY POLISHED CU SUBSTRATE AFTER DI H2O RINSE AND N2 DRY. CMP-ETOH: 

CHEMICALLY MECHANICALLY POLISHED CU SUBSTRATE AFTER ETOH TREATMENT. CMP: 

CHEMICALLY MECHANICALLY POLISHED CU SUBSTRATE AFTER HEAT TREATMENT. 
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Figure 56. X-ray photoelectron spectra after 50 and 70 ALD cycles of ZrO2 on (a) CMP copper and (b) Si substrates 

after a 5-minute in-situ EtOH treatment at 200°C 
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treatments reduced the amount of carbon and oxygen, increasing the amount of metallic copper present, but the 

heat-treatment appears to be more effective at removing the BTA coating as no nitrogen was detected. High 

resolution XPS spectra from the CMP Cu substrate before and after these different treatments are shown in Figure 

57. Seen again here, both treatments reduce the carbon and oxygen present on the surface, but here we also see less 

carbonate in Figure 57a at ~289.3 eV. However, the heat treatment appears to be more effective at removing the  

BTA coating as the nitrogen peak is entirely removed. The heat treatment also appears to produce a more metallic 

copper surface as indicated by the larger Cu content and larger Cu LMM peak at ~918.7 eV on the kinetic energy 

scale in Figure 57c. The less metallic surface for the EtOH treated CMP substrate may be due to byproducts from 

the EtOH reduction of the copper oxides, which remain in the reactor for some time, and oxidize the sample after 

the EtOH treatment. This result is supported by our work on electroplated copper which has shown that prolonged 

EtOH treatments deposit byproducts on Cu substrates which serve as nucleation sites and reduce selectivity. 

Therefore, ZrO2 ALD was performed using the heat-treated CMP substrates. XPS survey spectra from 70 ALD 

cycles of ZrO2 on the heat-treated CMP Cu and reference Si substrates are shown in Figure 58. After the heat 

treatment and 70 ALD cycles, very little Zr was observed on the CMP substrate with only the Zr 3p and 3d peaks 

visible. Selectivity compared to the reference silicon sample showed ~13x more Zr deposited on the silicon substrate 

compared heat treated CMP substrate. Therefore, the BTA coating on the CMP substrate appears to be the main 

cause of lower selectivity on the CMP substrate and further improvement in the selectivityof this process may be 

achieved with further optimization of the surface treatment or ALD process.  

6.4 Conclusions 

 SALD of ZrO2 was performed using tris(dimethylamino)cyclopentadienyl zirconium and ethanol at 200°C 

on CMP Cu and Si substrates. XPS showed that the CMP substrate has more Cu(OH)3/CuCO3 and more Cu2O 

compared to electroplated Cu and a N 1s peak at ~399 eV due to BTA used in the polishing process. ZrO2 ALD on 

the CMP substrate showed lower selectivity than was observed on electroplated and electron beam evaporated 

copper. Heating the CMP substrate at 335°C and 640 mTorr with N2 flow for 60 minutes removed the N 1s peak, 

reduced the amount of oxide, carbonate and carbon. Consequently, higher selectivity was observed on this treated 

CMP substrate and is mainly attributed to the removal of the BTA coating. Further improvement in the selectivity  
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on the CMP substrate may be achieved with optimization of the treatment process for removing BTA, EtOH 

treatment following removal of BTA and/or the ALD process. 
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Figure 57. X-ray photoelectron spectra from CMP Cu substrates with different treatments. CMP: Spectra for the 

CMP Cu substrate after a DI H2O rinse and N2 dry. CMP-EtOH: Spectra for the CMP Cu substrate after 60 minutes 

of EtOH treatment at 200°C and 1500 mTorr with EtOH/N2 flow. CMP-HT: Spectra for the CMP Cu substrate after 

60 minutes of heating at 335 °C and 640 mTorr with N2 flow. Spectra were aligned to have the carbon 1s peak at 

284.8 eV (a) C 1s. (b) O 1s. (c) Cu LMM. (d) Cu 2p. (e) N 1s. 

 



122 
 

 

 
Figure 58. X-ray photoelectron spectra after 70 ALD cycles of ZrO2 on (a) CMP copper and (b) Si substrates after 

a 60-minute heat treatment at 335°C and 640 mTorr and a 5-minute in-situ EtOH treatment at 200°C. 
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Appendix A 

PERMISSION TO USE PREVIOUSLY PUBLISHED MATERIALS 

 

 Chapter 2 was previously published as “Screen Printed Strain Gauges and Ink Composition Optimization” 

in Sensors and Actuators A: Physical. This journal allows authors to use their articles in full or in part in a thesis 

or dissertation. The following statement is given on their webpage, 

https://www.elsevier.com/about/policies/copyright/permissions. 

“Can I include/use my article in my thesis/dissertation? - Yes. Authors can include their articles in full or in part 

in a thesis or dissertation for non-commercial purposes.” 

Parts of Chapter 3 were previously published as “All-printed strain sensors: Building blocks of the aircraft 

structural health monitoring systems” in Sensors and Actuators A: Physical and as “Challenges and the state of 

the technology for printed sensor arrays for structural monitoring” in SPIE: Industrial and Commercial 

Applications of Smart Structures Technologies. The statement from Sensors and Actuators A: Physical is shown 

above. SPIE: Industrial and Commercial Applications of Smart Structures Technologies provides permission to 

authors to reproduce their original figures and text in new publications. The following statement is provided on 

their webpage, 

https://www.spiedigitallibrary.org/article-sharing-policies. 

“For articles published under SPIE copyright, authors, or their employers in the case of works made for hire, 

retain the following rights: 

 All proprietary rights other than copyright, including patent rights. 

 The right to make and distribute copies of the Paper for internal purposes. 

 The right to use the material for lecture or classroom purposes. 

 The right to prepare derivative publications based on the Paper, including books or book chapters, journal 

papers, and magazine articles, provided that publication of a derivative work occurs subsequent to the official 

date of publication by SPIE. 

Thus, authors may reproduce their original figures and text in new publications. The SPIE source publication 

should be referenced; see citation formatting below.” 

https://www.elsevier.com/about/policies/copyright/permissions
https://www.spiedigitallibrary.org/article-sharing-policies
https://www.spiedigitallibrary.org/article-sharing-policies#attribution
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Chapter 4 is under revision to be published as “Highly Conductive and Flexible Biomaterial Achieved by 

Low Temperature Atomic Layer Deposition on Collagen” in Biosensors and Bioelectronics. The following 

statement is provided on their webpage, 

https://www.elsevier.com/about/policies/copyright/permissions 

“Can I include/use my article in my thesis/dissertation? – Yes. Authors can include their articles in full or in part 

in a thesis or dissertation for non-commercial purposes.” 

Chapter 5 has been submitted for publication as “On the Mechanism of Area Selective Atomic Layer 

Deposition of Zirconia on Electroplated Copper-Based Substrates” in the ECS Journal of Solid State Science and 

Technology. The following statement is provided on their webpage, 

http://ecsdl.org/site/ecs/copyright.xhtml 

“PERMISSION IS NOT REQUIRED to reuse your own content (i.e. reusing figures and/or tables from a 

paper you are an author on). Full credit to the original source should be given.” 
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Appendix B 

OTHER PROJECTS 

 

B.1 A theoretical model based on a group contribution method to describe atomic layer deposition of 

zirconia on silicon 

Precursors for atomic layer deposition (ALD) are chemically complex compounds which are expensive to 

produce and characterize. These precursors require numerous properties to be suitable for ALD. These properties 

include, but are not limited to producing volatile, easily removable byproducts, stability at elevated temperatures, 

high vapor pressure, and non-self-reactivity. These properties are typically achieved with the use of different 

functional groups and with proper understanding of these groups, novel precursors could be developed and ALD 

reactions could be further characterized. Therefore, a theoretical model characterizing growth of the deposited metal 

oxide on the substrate was proposed. This model would allow a comparison between theoretical and experimental 

growth profile, could help determine the ALD window, and could provide suggestion for precursor modification or 

formation of a more effective or economically viable precursor. The interaction of precursor components with the 

substrate was estimated according to the Universal Quasi-chemical Functional-group Activity Coefficient Group 

Contribution Method (UNIFAC GCM) applying adsorbate solid solution theory (ASST) and a theoretical growth 

rate was calculated for each experimental precursor pulse using an optimization algorithm. 

ALD of zirconia (ZrO2) was performed on highly doped silicon <100> substrates with only a native oxide 

using tris(dimethylamino)cyclopentadienyl zirconium (ZyALDTM) as the zirconium precursor and ethanol as the 

oxidizer. ALD was performed at 200°C in a custom-built ALD system. 70 ALD cycles with different precursor 

pulse times were used to study the saturation of the zirconium precursor on the silicon substrates. ZrO2 thickness 

was measured via spectral ellipsometry and experimental growth rate for each precursor pulse time was found by 

dividing the measured thickness by the number of ALD cycles. 

For the theoretical modelling, ALD was viewed as a chemisorption process. A typical chemisorption 

process consists of a bulk phase and a surface phase. The silicon substrate used in this study was viewed as a solid 

adsorbent and chemical species generated from precursor molecules were adsorbates. Once the silicon substrate is 

saturated with precursor, further adsorption of precursor molecules would not take place and a plot of growth rate  
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vs. precursor pulse time would reach a plateau after a certain precursor pulse duration. The precursors were broken 

up into functional groups and their interaction parameters were found using an optimization algorithm. These 

interaction parameters were then used to compute the activity coefficients using UNIFAC GCM based on ASST. 

Then the number of moles of Zr in the surface, 𝑛𝑍𝑟
𝑠 , was calculated and used to calculate the theoretical growth rate. 

Equation 1 was used to calculate the theoretical growth rate, where 𝑛𝑍𝑟
𝑠  is the number of moles of Zr in a monolayer 

of ZrO2, NA is Avogadro’s number, hZr is the thickness of a ZrO2 monolayer, and 𝐶𝑍𝑟
𝑚𝑙 is the number of Zr atoms 

in a monolayer. The theoretical growth rate was then compared to the experimental growth rate and used to 

determine whether the optimization of the interaction parameters was completed.   

𝐺𝑅𝑐𝑎𝑙 =  
𝑛𝑍𝑟

𝑠 𝑁𝐴ℎ𝑍𝑟

𝐶𝑍𝑟
𝑚𝑙      (1) 

Experimental and theoretical growth rates versus precursor pulse duration from using ZyALD as the Zr 

precursor and ethanol as the oxidizer are shown in Figure 59a. As the experimental and theoretical growth rates 

are quite similar, the interaction parameters from this system were expected to be optimized. Figure 59b shows the 

experimental growth rates from using ZyALD as the Zr precursor and oxygen/ozone as the oxidizer with the 

theoretical growth rates calculated using the interaction parameters from ZyALD and ethanol. The large difference 

in between the experimental and theoretical growth rates in Figure 59b suggests that the choice of oxidizer plays a 

significant role in the reaction. This is consistent with the experimental growth rates as the growth rate with 

oxygen/ozone as the oxidizer is ~3x greater than the experimental growth rate with ethanol as the oxidizer. 

Therefore, the functional groups from the oxidizer may need to be included in the modeling approach to more 

accurately fit data from the same precursor, but different oxidizers. 
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Figure 59. Experimental and theoretical growth rates of ZrO2 on silicon substrates versus precursor pulse time. (a) 

Experimental growth rates are from ALD performed using ZyALD as the Zr precursor and ethanol as the oxidizer 

and theoretical growth rates are from the interaction parameters from ZyALD and ethanol. (b) Experimental growth 

rates are from ALD performed using ZyALD as the Zr precursor and oxygen/ozone as the oxidizer and theoretical 

growth rates were calculated using the interaction parameters from ZyALD and ethanol. 
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B.2 Additional Evaluation of Screen Printing and Laser Trimming of Screen-Printed Strain Gauges 

 Graphic printing techniques are of great interest for fabrication of low-cost electronic devices and especially 

for strain gauge arrays for structural health monitoring. However, these techniques generally are not capable of the 

same level of reproducibility as conventional microfabrication techniques. Here we further evaluated screen printing 

process for producing small arrays of strain gauges and fine and different line widths as well as the effect of laser 

trimming screen-printed gauges.  

Screen printing was done using a Gold Print SPR 25 screen printer, a printing offset of ~1 cm and 80 

durometer squeegee blades. The screen pattern used had 325 wires per inch, wire diameters of 22.9 µm, an emulsion 

thickness of 12.7 µm, and a mesh angle of 22.5°. DuPont 7102 carbon ink was screen printed onto PET or polyimide 

film and heated to 100°C for two hours. Prior to screen printing, the PET and polyimide films were cleaned with 

IPA. In addition, the PET film was heated to 100°C for two hours prior to printing to prevent dimensional changes 

when drying the ink. Images of the printed gauges are shown in Figures 60 and 61. From the images in Figure 61, 

the line widths of the gauges appear to show the greatest variation for the finest lines. The approximate line widths 

and thicknesses from Figure 61 are shown in Table XI. Here we also see a larger deviation in width for the gauges  

 
 

 

 

 

 

 

 

 

 

 

 

TABLE XI. SCREEN PRINTED LINE WIDTHS AND APPROXIMATE THICKNESSES FOR GAUGES 

WITH DIFFERENT LINE WIDTH DESIGNS. LINE WIDTHS WERE MEASURED FROM THE OPTICAL 

MICROSCOPY IMAGES AND LINE THICKNESSES WERE APPROXIMATED FROM THE OPTICAL 

PROFILOMETRY IMAGES SHOWN IN FIGURE 61. 

 

 

 

 

 

Design Line 

Width [µm] 

Screen Printed 

Line Width 

[µm] 

Approximate 

Ink Thickness 

[µm] 

150 186.47 8 

250 272.55 8 

500 500.99 10 
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Figure 60. Image of screen-printed DuPont 7102 carbon strain gauges on PET. 
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Figure 61. Optical microscopy and optical profilometry images of DuPont 7102 carbon ink strain gauges screen 

printed onto PET. The top images correspond to the finest line width devices (150 µm), the middle images 

correspond with the intermediate line width devices (250 µm), and the bottom images correspond to the thickest 

line width devices (500 µm). 
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Appendix B (Continued) 

 

with the finest line widths. This deviation is believed to be due to uneven ink transfer through the screen pattern 

due to particles from the carbon ink accumulating in the screen mesh during printing, and which would have the 

largest effect for finer line widths. This accumulation may occur as less finer line widths have less contact area with 

the squeegee. A solution to this problem may be to use a softer, more flexible squeegee that can more effectively 

apply shear force to the ink in these fine lines. The average and standard deviation of resistances from four arrays  

of strain gauges on PET substrates are shown in Table XII. Here we see the largest standard deviations in resistance 

for the finer line widths as well as increasing standard deviations for subsequent prints. The larger standard 

deviations for finer lines are likely due to the larger variation in line widths while increasing standard deviations 

with subsequent prints is due to accumulation of graphite particles from the carbon ink in the screen pattern. This 

accumulation was observed during the printing process as the inks gradually began to dry on the screen pattern.  

Careful control of the printing environment (temperature and humidity) and more thorough cleaning of the screen 

patterns may reduce accumulation of ink particles within the screen patterns.   

 

 

 

 

 

Design 

Line 

Width 

[µm] 

Sheet 1: 

Average 

Resistance [kΩ] ± 

Std. Dev 

Sheet 2: 

Average 

Resistance [kΩ] ± 

Std. Dev 

Sheet 3: 

Average 

Resistance [kΩ] ± 

Std. Dev 

Sheet 4: 

Average 

Resistance [kΩ] 

± Std. Dev 

150 7.158 ± 6.2% 10.005 ± 9.6% 11.686 ± 12.3% 13.515 ± 12.9% 

250 6.280 ± 4.4% 7.748 ± 6.6% 8.009 ± 16.1% 8.121 ± 7.1% 

500 5.731 ± 3.8% 6.754 ± 4.9% 6.451 ± 5.4% 6.077 ± 8.5% 
Table XII. Average resistances and standard deviations for DuPont 7102 carbon gauges screen printed onto PET.  

 

 

 

 

 

In an effort to further reduce the resistance variations of these gauges, laser trimming was performed as is 

often done with resistors. Despite being commonly used for resistors, laser trimming of strain gauges has not been 

reported in literature and the effect of this trimming on gauge sensitivity has not been studied. Laser trimming was 
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performed with a Tykma Electrox EMS 300 laser marking system. The Nd:YAG laser emitted 1064 nm laser pulses 

at an average power of 1 or 2 W with a frequency of 4 kHz and a scan rate of 200 mm/sec. With an average power 

of 1W, the focused laser beam diameter is ~25 µm and with a power of ~2W, it is ~40 µm. Change in resistance 

during the laser trimming was measured using a Fluke 23 multimeter connected to thin insulated wires which had 

been bonded to the silver contacts (DuPont 5028) of the strain gauges with silver epoxy (#8331, MG Chemicals). 

 Carbon strain gauges on PET after the laser trimming are shown in Figure 62. The laser trimming was 

found to completely remove the ink from the substrate at higher power and in the case of excessive power, the 

substrate was damaged. The effect of laser trimming on resistance of similar strain gauges is shown in Figure 63. 

Here the resistances of the printed gauges were found to vary linearly with iteration of laser trimming and suggests 

that careful laser trimming may be able to effectively tune the resistance values to a desired value. The primary 

limitation in these bench-scale experiments was the alignment of the laser with the printed gauge, and control of 

the laser power which could vary significantly with the location of the focal point of the laser. In addition to 

resistance, the effect of the laser trimming on gauge sensitivity was studied. Normalized change in resistance versus 

microstrain for gauges that were laser trimmed is shown in Figure 64 and the resistance values and gauge factors 

for these gauges is shown in Table XIII. For the gauges tested, the gauge factors increased by as much as 47%;  

 

 

 

 

 

Gauge 

Resistance 

Before Trimming 

[kΩ] 

Gauge Factor 

Before Trimming 

Resistance After 

Trimming [kΩ] 

Gauge Factor 

After Trimming 

0-1 6.344 5.74 ± 18.3% 6.602 8.46 ± 14.4% 

45-1 5.660 12.44 ± 9.4% 6.617 15.33 ± 12.2% 

90-1 5.629 21.90 ± 10.2% 6.535 22.36 ± 6.9% 

0-2 6.157 6.24 ± 18.7% 6.760 7.21 ± 14.5% 

45-2 5.487 12.70 ± 11.4% 6.557 14.99 ± 8.2% 

90-2 5.180 20.24 ± 10.1% - - 

TABLE XIII. RESISTANCES AND GAUGE FACTORS BEFORE AND AFTER LASER TRIMMING FOR 

TWO DUPONT 7102 CARBON 45-DEGREE ROSETTES ON PET. GAUGE FACTORS INCLUDE THE 

STANDARD ERROR FROM THE LINEAR REGRESSION. GAUGE 90-2 WAS DAMAGED BY THE LASER 

TRIMMING DUE TO MISALIGNMENT OF THE LASER.  

 

  



144 
 

 

Appendix B (Continued) 

 

 
Figure 62. DuPont 7102 carbon gauges on PET after laser trimming. Red circles indicate where the laser trimming 

was performed.  
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Figure 63. ∆R/R versus laser trimming iteration for two DuPont 7082 carbon strain gauges on PET.  
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Figure 64. ∆R/R versus microstrain for two DuPont 7102 carbon 45-degree rosettes on PET before and after laser 

trimming. Gauge 90-2 was damaged by the laser trimming.  
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however, the change in gauge factor did not appear to correlate with the amount of laser trimming required to meet 

a nominal resistance value. Change in gauge factor is likely due to the precise location of the laser trimming. 

Trimming the finer sections of the gauge is likely to have a larger effect on the sensitivity as removing material 

from these locations can result in very thin electrical connections which are more sensitive to applied strain. Thus, 

laser trimming the ends of the gauges is anticipated to have less effect on the sensitivity. However, these results 

also suggest that gauge sensitivity can be increased by altering the dimensions of the gauges after printing. 

Therefore, laser trimming may be used to achieve finer line widths than are capable from the printing process while 

simultaneously increasing the sensitivity of the gauges. 
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