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ABSTRACT 

Performance reliability is crucial for photovoltaic (PV) cells in both terrestrial and space-

based applications.  Electrical efficiency losses over time are heavily impacted by electrical 

losses due to microcracks within the cell structure and metallization failure.  Mechanical 

stresses and thermal cycling of the device can lead to fracture of the current-carrying metal 

(Ag) lines on the surface of the device, significantly reducing output power.  Incorporating 

carbon nanotubes (CNTs) into PV metal lines as a reinforcement, forming a CNT/Ag metal 

matrix composite (MMC), enhances the electrical and mechanical performance of the 

device.  In this work the influence of CNT/Ag MMCs were explored as PV metallization 

integrated onto existing devices and mechanically characterized as layer-by-layer 

composite films.  To understand the impact of CNT dimension and loading on composite 

microstructure, free-standing MMCs were tested under tension using Dynamic Mechanical 

Analysis (DMA).  Finite element analysis (FEA) was used to simulate a simplified 

representation of the MMC microstructure.  The FEA model was used in conjunction with 

experimental tensile data to examine potential CNT mechanical responses by viewing the 

nanotube phase as an effective layer.    
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CHAPTER 1: INTRODUCTION 

1.1 Metal Matrix Composites as Gridlines in Photovoltaic Devices 

Solar radiation is an abundant, reliable renewable energy source for terrestrial 

applications and a critical source of power for satellites when converted to electrical energy 

by photovoltaic devices.  For photovoltaic devices to operate at their full potential and 

longest possible lifespan, mechanical reliability is crucial.  The photovoltaic (PV) device 

structure relies on semiconductor materials that are inherently brittle like silicon, 

germanium, and other III-V semiconductors.  The cell structure is comprised of many 

different materials with a range of thermal expansion coefficients [1, 2].  Mismatch of the 

thermal expansion coefficients can lead to microcracks within the PV device [3, 4].  

Additionally, inherent defects within the cell readily form microcracks that propagate 

during the lifetime of the PV module[5, 6].  Defects can arise from material imperfections 

like molecular impurities in the semiconductor material, or during processing such as poor 

solder application.  This is an increased issue for space PV cells that undergo drastic 

thermal cycles.  Unlike terrestrial cells which heat and cool throughout the day, during the 

transition from eclipse to illumination, the high surface area to mass ratio of typical solar 

arrays can cause cell temperatures to slew more than 100 °C in less than a second.  These 

thermal shocks happen thousands of times per year for spacecraft in low earth orbit and 

dozens for geosynchronous spacecraft.  In addition to thermal effects, space and terrestrial 

solar cells are subjected to various forms of mechanical loading throughout their lifetime.  

These sources of mechanical loading can be during transportation and installation, or due 

to weather effects such as hail or snow [3, 7–10].  If the load exceeds the fracture stress of 

a material within the cell it will fracture.  Microcracks can also be introduced during these 
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various loading processes which can only be observed by a decrease in performance or by 

laboratory inspection techniques.  Space solar cells must also endure the significant 

mechanical stresses of launch which is another source of cell cracking.   

Microcracks can electrically isolate large portions of the cell and cause significant 

power loss with continued cell operation [3, 11–13].  Cracks in the semiconductor layer 

create regions of increased resistance and recombination sites, reducing carrier lifetime 

[13].  The maximum current of the cell is also reduced when grid fingers are fractured [11].  

In terrestrial applications, replacement and maintenance costs remain a challenge to the 

economic viability of the solar cell modules, while in space applications, a cracked cell is 

unable to be replaced and may lead to early failure or reduced capability of the spacecraft.  

Cracks have been shown to be the leading cause of failure for terrestrial PV modules in the 

first two years of operation[14]. 

While the most brittle component in present photovoltaic devices is the 

semiconductor, electrical damage occurs once metallization fractures.  It is common that 

cracks within the semiconductor, or thermal cycling of the solder will induce fracture of 

PV metallization.  The photovoltaic effect produces electron-hole pairs within the 

semiconductor layer that then need to be collected by the metal contacts of the PV device 

to power an external load.  PV cell metallization is a network of larger busbars and smaller 

grid fingers (Figure 1.1).  Carrier collection from the semiconductor photovoltaic material 

is done at the thinner grid fingers and then delivered to the larger busbars.  To form a 

module, multiple cells are connected in series by soldering metal contact ribbons from cell 

to cell at the busbars.  If solder is not properly applied at the busbar, it can cause fracture 

of the grid fingers.  This typically occurs when solder leaks outside the busbar [2].  The 
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thermal mismatch causes creep strain at the busbar/finger junction cracking the solder and 

breaking the grid finger [1, 15].  The fracture of grid fingers leads to current losses and 

increased series resistance for the PV device [2].  Along with solder joints fracturing front 

metallization of PV cells, cracks in the semiconductor can propagate over time and lead to 

fractured gridlines [10].     

The traditional metallization material used for PV cells is silver.  Silver has the 

highest conductivity of any metal (63(106) S/m) [16] but increases the overall cell cost 

compared to aluminum or copper.  Copper is the more affordable metallization option with 

reduced conductivity (59(106) S/m) [16]. For all materials, the common deposition methods 

for PV metallization are metal evaporation, electrochemical deposition, or screen printing 

of a metal paste[17].  The work presented here explores how carbon nanotube incorporation 

into a silver matrix can impact the mechanical properties of the resulting composite, and 

Figure 1.1 Damage due to mechanical stresses in PV modules, dark areas indicate 

electrical disconnection (a) finger cut (b) finger breakage (c) wafer cracks originating 

from vertical busbars [2] 
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resilience against cracking when integrated as PV metallization.  Carbon nanotubes are 

known for their extraordinary mechanical properties and could enhance crack resistance of 

photovoltaic metallization by acting as a reinforcement within a metal matrix composite 

(MMC).  Carbon nanotubes have conductivities that are similar to silver and copper (106 

to 107 S/m) [18].  Therefore, in addition to providing mechanical reinforcement to PV 

metallization, carbon nanotubes can electrically bridge microcracks in the metal grid 

fingers and maintain current capacity.   

1.2 Carbon Nanotubes in Metal Matrix Composites 

The objective of a composite is to enhance a base material’s properties by 

incorporating a reinforcement particle.  The base material is referred to as the matrix and 

can be a variety of material classes. Ceramics, polymers, and metal matrices are the most 

common.  For applications in photovoltaic metallization, this work is focused on a metal 

matrix composite (MMC) with a silver matrix material and carbon nanotubes (CNT) as the 

Figure 1.2 Single-walled CNT is a carbon monolayer rolled into 

a cylinder.  A multi-walled CNT consists of several concentric 

SWCNTs [19]  
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reinforcement.  The silver matrix is more ductile than photovoltaic semiconductor 

materials but as the outermost layer of a PV cell will experience higher stress and is 

susceptible to fracture when used as solar cell metallization.  If properly incorporated 

during MMC fabrication, CNTs, having large elastic modulus and strength, should increase 

the stiffness and strength of the resulting composite.   

Carbon Nanotube Synthesis 

Carbon nanotubes are sheets of a one-dimensional atomic layer of carbon atoms 

rolled into a cylindrical structure.  A single cylinder is referred to as a single walled carbon 

nanotube (SWCNT) [19].  Multi-walled carbon nanotubes (MWCNT) are multiple 

concentric layers of these cylinders with inter-wall spacing of 0.34 nm [20].  The 

extraordinary strength of CNTs comes from the sp2-hybridized carbon-carbon covalent 

bonds.  There are three common synthesis methods of carbon nanotubes: catalytic chemical 

vapor deposition, arc-discharge, and laser ablation.  The carbon nanotubes used in this 

work were commercially obtained and synthesized using catalytic chemical vapor 

deposition. 

Catalytic chemical vapor deposition (CCVD) is the most used CNT synthesis 

technique for mass or commercial production.  A high temperature (500 – 1000 °C) 

chamber near atmospheric pressure is used with a carbon containing gas such as methane, 

ethylene, acetylene, or carbon monoxide.  The growth substrate contains nanoscale metal 

catalyst particles to provide nucleation sites for the carbon structures.  Metal particles 

facilitate decomposition of the gas and free carbon atoms grow into the carbon nanotube 

structures.  Carbon nanotube length can be controlled with duration of growth, and the 

diameter can be controlled via metal catalyst size.  Control of nanotube length and width 
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is beneficial since CNT aspect ratio has direct impact on mechanical performance of metal 

matrix composites.  Chemical vapor deposition can be used to create randomly oriented 

CNTs or vertically aligned, tightly packed carbon nanotube forests by increasing the metal 

catalyst density on the growth substrate.  Catalytic chemical vapor deposition of carbon 

nanotubes creates a high yield of nanotubes.  CCVD grown carbon nanotubes typically 

have more defects than other synthesis methods, but defects can be reduced with a heat 

treatment. [20–22] 

Carbon nanotubes were discovered and first fabricated using arc-discharge 

evaporation [23].  In this method, two graphite electrodes are placed in a high temperature 

furnace several millimeters apart in an inert gas environment such as helium or argon and 

near atmospheric pressure.  A direct current of approximately 20 V and 200 A is applied 

across the electrodes generating an arc of carbon atoms between the electrodes.  The 

cathode contains a catalyst metal such as iron, cobalt, or nickel.  Carbon atoms condense 

onto the cathode growing in a helical pattern [20, 21].  Arc-discharge evaporation creates 

multi-walled CNTs with high crystallinity.  However, other carbon structures such as 

carbon spheres (buckyballs) are synthesized in this method.  Therefore, arc-discharge is 

Table 1-1 Comparison of most common CNT synthesis methods 
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not ideal for high-yield applications since the final product must be further processed to 

obtain pure CNTs.  Arc discharge evaporation also offers no control over the CNT 

geometric parameters such as diameter, length, and the number of multiwall layers [21, 22] 

which are crucial to providing consistent results and analytical correlations.   

Laser ablation uses a high-powered pulsing laser to vaporize a graphite substrate.  

The substrate also contains a metal catalyst.  Carbon atoms are vaporized and condense as 

nanotubes.  Laser ablation produces mostly single-walled carbon nanotubes with very high 

quality.  However, as with arc-discharge evaporation, the resulting CNT dimensions are 

difficult to control.  [21, 22]   

CNT Strengthening Mechanisms and Microstructural Impacts 

The elastic modulus of individual CNTs can be 1800 GPa loaded axially [24].  

Tensile strength values up to 110 GPa have been reported [25–27].  Many analytic models 

exist to predict the composite elastic modulus and strength [28]. These models indicate the 

resulting mechanical properties of the composite to depend on numerous variables from 

CNT synthesis, MMC fabrication method and final application.  Common variables of 

interest are CNT content, aspect ratio, orientation, porosity, CNT/matrix interface 

adhesion, and dispersion/agglomeration.  Analytical models of composite behavior also 

suggest various methods of mechanical reinforcement by the carbon nanotubes that impact 

the final composite mechanical response.  The most desirable mechanism of strengthening 

a metal matrix via CNTs and thus enhanced composite mechanical properties is load 

transfer from the matrix to the reinforcement.  The load transfer mechanism is most 

strongly impacted by the reinforcement/matrix interface and the reinforcement dispersion 

[29].   
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The strengthening mechanism of load transfer is based on the shear lag analytic model 

[30] which assumes load is transferred from matrix to reinforcement by a shear force at the 

interface for fibers in a composite given by: 

𝒍𝒇

𝒅𝒇
=

𝝈𝒇

𝟒𝝉𝒎𝒇
      (Eq. 1-1) 

Where lf is the fiber length, df is the fiber diameter, σf is the stress transferred to the fiber, 

and τmf is the shear stress at the matrix fiber interface [28, 29].  According to the shear lag 

model, fibers with a larger aspect ratio will be capable of a higher load transfer.  It is 

common in CNT-metal matrix composites for an interface containing carbides to exist, 

requiring load transfer from the matrix to pass through an additional layer before reaching 

the carbon nanotubes.  Stress transfer efficiency from matrix to CNT depends on the shear 

stress of the CNT/Ag interfacial layer.  A weak interface, with shear stress less than the 

applied stress, will reduce the composite strength and lead to CNT pull out during axial 

loading [28, 29, 31].  Within multi-walled carbon nanotubes (MWCNT), load is also 

transferred from wall to wall.  Initially stress is transferred from the matrix to the outer 

wall.  Once the outer wall fractures load is transferred the inner walls which begin to 

fracture in succession, see Figure 1.3 [26, 29, 32].  Defects within the individual walls, 

such as those introduced from CCVD synthesis, can lead to crosslinking between walls and 

ultimately increase the wall to wall load transfer ability [26].  This leads to less complete 

fracturing of MWCNTs within composites.  Without defects in the walls of the tubes, load 

transfer between walls is small due to the van der Waals interactions between them [28, 

29, 33].  Therefore, a higher percent of MWCNT defects inherent to the CCVD fabrication 
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can contribute favorably to the desired load transfer characteristics of the Ag/CNT 

composite.   

Ideal load transfer is the dominant strengthening mechanism within CNT-metal 

matrix composites, leveraging the full axial strength and stiffness of the carbon nanotubes.  

However, it is not the only strengthening method that can occur from CNT reinforcement.  

Another common mechanism is grain refinement of the metal matrix due to CNT pinning.  

Numerous studies have shown a reduction in grain size of the metal matrix with CNT 

Figure 1.3 Fracture of MWCNTS in tension.  (a) CNTs bridge crack within metal matrix. 

(b) CNTs undergoing different fracture processes of walls in-situ. CNT  shows all walls 

have been fractured. c) CNT  and  indicate outer walls have been fractured, as 

indicated by reduced CNT diameter, and load is transferred between walls. d) Resulting 

CNT facture post tensile test. [29] 
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incorporation [34–38], see Figure 1.4.  The Hall-Petch relation (Eq. 1-2) gives an inverse 

relationship between yield stress (σy) and the grain size (d), therefore composites with a 

reduction in grain size will have higher yield stress  [39, 40]. 

𝝈𝒚 = 𝝈𝟎 + 𝒌𝒅−𝟏 𝟐⁄    (Eq. 1-2) 

The stress term (σ0) is a constant that represents the yield stress of polycrystal with large 

grains [41].  The material constant (k) is a strengthening coefficient.  The yield stress of a 

material is defined as the onset of plastic or permanent deformation and can be defined as 

the force required for plastic deformation divided by the specimen’s cross-sectional area.  

Plastic deformation is caused by the movement of dislocations (linear atomic defects) 

throughout the crystal structure.  Defects and dislocations are ultimately the cause of crack 

initiation in crystalline materials under loading.  Grains of the material are regions that 

have the same crystal orientation and atomic ordering.   

There have been numerous physical explanations for the Hall-Petch relationship 

[42].  The initial reasoning for increased yield stress with decreased grain size proposed by 

Hall and Petch [39, 40] was that grain boundaries cause dislocations to pile up, preventing 

dislocation motion and requiring a larger stress for plastic flow.  Another commonly used 

explanation presented by Ashby, 1970 [43] suggested that in order for multiple grains to 

undergo deformation, additional geometrically necessary dislocations (GNDs) are 

introduced to accommodate the deformation.  The GND density increases as grain size 

decreases.  These additional dislocations contribute to strengthening by reducing 

nucleation of new dislocations. 
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Carbon nanotubes can reduce the grain size of the surrounding metal matrix by 

pinning grain boundaries, see Figure 1.4 [35, 44].  The Zener pinning relationship says the 

subsequent grain size (d) due to particle pinning is proportional to the particle radius (r) 

and inversely proportional to the volume fraction (Vf) of the pinning particle [45]: 

𝒅 =  
𝑲∗𝒓

𝑽𝒇
    (Eq. 1-3) 

Where K is a proportionality constant.  Due to increased agglomerations with increasing 

CNT content, the matrix grain size tends to plateau at increased CNT volume fraction [35].  

Agglomerations are clusters of CNTs that form due van der Waals attractions of the CNT 

sidewalls.  These clusters often form during composite fabrication.  It is difficult to 

redisperse the individual nanotubes of the agglomerate once they form.  If other particles 

are present in the composite, they may also pin grain boundaries and contribute to overall 

Figure 1.4 Reduction in grain size due to CNT incorporation visualized 

with electron backscatter diffraction (a) Pure Ni (b) – (e) CNT/Ni composite 

with CNT wt% of 1%, 2%, 3%, and 5% [35] 
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composite strength, but it is not always straightforward to correlate.  In summary, CNTs 

can pin the matrix grain boundaries during composite fabrication leading to smaller grain 

sizes creating a strengthening mechanism according to the Hall- Petch relationship.  This 

strengthening effect can be used in combination with the load-transfer mechanism to 

explain effects of CNT as reinforcement in composites.   

In a similar effect to grain pinning, the carbon nanotube itself functions as an 

obstacle to atomic dislocation migration.  The matrix dislocations bend around the CNTs 

and start to pile up in a phenomenon described by Orowan looping [46–48].  This is another 

strengthening mechanism that increases over all MMC yield stress and can reduce crack 

initiation sites by preventing dislocation movement.   

 The shear lag, grain refinement, and Orowan looping mechanisms are some of the 

most expected methods of increasing strength with CNT reinforcement in metal matrix 

composites.  Any given composite will have a combination of several strengthening 

mechanisms dictated by the microstructure.  The microstructure is affected by parameters 

such as CNT geometry, dispersion, agglomeration, CNT/metal interface and processing 

techniques that determine what mechanism is dominant.  These parameters can be 

controlled during composite fabrication and will be explored further in the body of this 

work.  Chen, 2017 [48] showed that for an aluminum/CNT composite with CNTs 

uniformly dispersed throughout and tested in tension, the mechanical enhancement from 

grain refinement was less than 10%, between 20 – 35% from alumina particle pinning, and 

60-70% directly from CNTs either by load transfer or Orowan looping.  Chen, 2015 [29] 

showed load transfer to be the dominant reinforcement mechanism based on CNT fracture 

examination via in-situ tensile testing of Al/CNT composites.  However, other 
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strengthening effects contribute and cannot be ignored in final material analysis or 

simulation. 

 Although the shear lag model indicates a better load transfer for a large aspect ratio 

of CNT, it has been shown that a smaller aspect ratio (specifically length) actually leads to 

a better dispersion and higher mechanical properties from a reduction in agglomerates [44, 

48, 49].  Aspect ratio is defined as the CNT length to width ratio (l/d).  Carbon nanotubes 

range in diameter and length values based on processing techniques.  However, the 

potential lengths of carbon nanotubes have a much greater range than the diameters.  

Therefore, length is focused on more heavily when discussing the impacts of CNT 

geometry on the resulting composite mechanical properties.  The CNT length also has an 

impact on the strengthening mechanism within the composite.  For very short CNTs (aspect 

ratios <10) the main reinforcement contribution appears to be Orowan looping, whereas 

for CNTs with higher aspect ratios (> 40) the main mechanism is load transfer via the shear 

lag theory [29, 48].  A study [44] comparing short and long CNTs found that the short 

CNTs resulted in better dispersion, reduced matrix grain size and increased mechanical 

properties compared to the long CNTs.   

A significant limiting factor in the mechanical properties of a CNT-metal matrix 

composite is the dispersion and degree of agglomeration of the CNTs during fabrication 

[28].  Additionally, carbon nanotubes tend to form a wave shape and cluster due to 

attractive CNT-CNT van der Waals forces and their large surface area [28, 50].  Short 

carbon nanotubes lend themselves more to uniform dispersion due to the reduction in 

surface area leading to an enhanced composite mechanical response.  The CNT clusters or 

agglomerations tend to increase with increased CNT content [28, 36, 51].  Several studies 
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have shown a trend of increasing mechanical properties up to a critical CNT loading, 

followed by a decline in properties likely due to the increased carbon nanotube clustering 

[34, 52–56].  Agglomerations create areas of stress concentration under loading that lead 

to crack initiation sites and early composite fracture [57].  In this work, both long and short 

CNTs are used for composite fabrication with lengths ranging from 0.9 – 10 µm. 

The inherent carbon nanotube waviness and random orientation may hinder 

composite mechanical properties since their enhanced stiffness and strength is a result of 

axial loading of the C-C bonds.  The radial elastic modulus of multiwalled carbon 

nanotubes has been reported to be around 30 GPa [58] compared to approximately 1 TPa 

axially [24].  Computational modeling has shown CNT waviness to decrease the carbon 

nanotube’s effective elastic modulus [59, 60].  A molecular dynamics study by Alian and 

Meguid, 2017 [61] showed that for uniformly dispersed CNTs, waviness can actually 

increase the interfacial shear strength between CNT and matrix reducing carbon nanotube 

pull out.  The study also showed CNT agglomeration to be more detrimental to composite 

mechanical properties than CNT waviness.   

Carbon bonds within the plane of carbon nanotubes are strong overlapping sp2 

hybridized σ-bonds.  Normal to the CNT plane are the weaker π-orbitals. [62]  For this 

reason CNTs are strong along the cylinder axis, but interactions between CNTs and CNT-

metal are weak.  This is also why defects within the carbon nanotubes can enhance 

interfacial interactions, by providing covalent bonding sites at the σ-bonds.  This can be 

through cross linking of the CNT walls within multiwalled nanotubes, or the CNT-metal 

interface.  If no treatment is done to carbon nanotubes, metals attach via van der Waals 

interactions.  However, CNTs can be treated so that covalent bonding to metal atoms is 
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possible.  A common treatment is the addition of carboxyl groups to atomic sites along the 

CNT.  For this method, carbon nanotubes are sonicated in a 3:1 mixture of H2SO4:HNO3, 

then rinsed in DI water via vacuum filtration [63].  This results in COOH- functional groups 

covalently bonded onto the CNT surface [64].  Metal atoms can then also covalently bond 

to the CNTs via the functional groups.  Functionalization of the carbon nanotubes also 

leads to better dispersion and suspension in aqueous solutions [63].  Though 

functionalization increases bonding sites and allows better dispersion and suspension, this 

acid treatment can also cause damage that potentially degrade their mechanical properties.  

Non-covalent functionalization is also possible by treating CNTs with a surfactant such as 

sodium dodecyl sulphate.  This method does not cause CNT damage, but it has been shown 

less effective in enhancing composite mechanical properties compared to covalent 

functionalization [63].  Another form of non-covalent functionalization is polymer 

wrapping.  Polymer chains helically wrapped around CNTs help to disperse the carbon 

nanotubes in solvents preventing agglomerations for fabrication processes [65, 66].   

With these contributions to CNT performance in MMC strengthening in mind, it 

has been shown the typically dominant strengthening mechanism for carbon nanotube-

metal matrix composites is load transfer with other contributions from grain size 

refinement and CNT dislocation pinning.  The two significant hurdles in composite 

fabrication, limiting final composite properties, are adhesion of the CNT-metal interface 

and uniform dispersion of carbon nanotubes with minimal agglomerations.  Using shorter 

nanotubes at an optimal CNT loading has been shown to provide the greatest success in 

reducing clustering and increase dispersion uniformity.   
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1.3 Scope of Work 

 This work investigates the impact of the carbon nanotube (CNT) microstructure on 

the mechanical properties of the metal matrix composite (MMC).  The MMC is integrated 

onto prefabricated photovoltaic (PV) cells, and electrically characterized before and after 

cracking.  Metal matrix composite films are then fabricated and mechanically 

characterized.  In the case of tension testing, the resulting stress-strain response reveals the 

composite mechanical behavior as a function of CNT loading.  A parametric assessment is 

performed using a finite element analysis (FEA) model, where possible effective properties 

of the CNT domain are used for fitting the experimental stress-strain responses.  The values 

of the extracted effective CNT properties give phenomenological insight into the 

strengthening impact and mechanism of the CNT inclusions. 

As shown in section 1.2, individual CNTs can have extraordinary mechanical 

properties [22, 24, 67].  However, in macro-scale applications, agglomerations of the CNTs 

tend to drastically lower these values for CNT networks and films [57, 68, 69].  Even in 

highly aligned and densely packed CNT films, the elastic modulus is two orders of 

magnitude less than reported individual CNT values due to weak van der Waals interaction 

between the CNTs [70].  Here, we use experimental methods and FEA to understand the 

electrical and mechanical behavior of the Ag/CNT metal matrix composite. 

Chapter 2 is a review of the fundamental techniques for the fabrication and 

characterization methods used for composite synthesis and testing.  Electrochemical 

deposition was used to deposit silver for MMC integration onto PV cells and for MMC 

fabrication on a GaAs substrate for nanoindentation testing.  Electron beam metal 

evaporation was used for silver deposition of the free-standing MMC thin films.  Spray 
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coating methods were used to coat a CNT layer between two silver layers for both MMC 

metallization on to solar cells, and free-standing MMC film fabrication.  Initial mechanical 

characterization attempts were done using nanoindentation.  These nano-scale results 

indicated that tension testing of MMC thin films would provide more insight into 

composite mechanical behavior.  Scanning electron microscope imaging was used for CNT 

quantification by imaging and analyzing the CNT surface area coverage after spray coating.     

Chapter 3 reviews the methods of MMC integration as gridlines in a photovoltaic 

cell.  After integration, the devices are characterized using electroluminescence and light 

current-voltage (LIV) testing before and after introducing cracks.  Electroluminescence 

provides a visualization of how cracks impact current flow within the device.  LIV provides 

the electrical response before and after cracking, allowing analysis of performance 

parameters.  The most significant parameter being short circuit current. 

Chapter 4 describes the mechanical characterization of the composite.  Mechanical 

testing of layer-by-layer MMCs deposited on a GaAs substrate and tested using 

nanoindentation gave initial insight of CNT incorporation into a metal matrix.  The process 

of free-standing MMC thin film fabrication and CNT quantification is described.  The free-

standing MMC films were tested in tension using dynamic mechanical analysis (DMA).  

The results of tension testing for three different datasets of free-standing MMC films with 

varying carbon nanotube geometries and spray coating methods are presented and 

discussed.  

Chapter 5 discusses a finite element model of a simplified CNT/Ag microstructure 

with the objective of extracting potential CNT effective values of the composites fabricated 
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in Chapter 4.  The model uses a parametric analysis of a range of possible values for elastic 

modulus and yield stress for the effective CNT layer. 
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CHAPTER 2: FABRICATION AND CHARACTERIZATION 

TECHNIQUES 

2.1 Fabrication Techniques 

Two common fabrication methods of photovoltaic (PV) metal lines are 

electrochemical deposition and electron beam metal evaporation, a form of physical vapor 

deposition (PVD).  Both were explored as silver deposition techniques for the metal matrix 

composite (MMC) films.  Electrodeposition was used for integration of the MMC as metal 

gridlines onto an existing PV device.  Electrodeposition can be an advantageous deposition 

method over metal evaporation because it does not require the additional time of operating 

at ultra high vacuum.  An MMC film was additionally deposited onto an GaAs substrate 

for nanoindentation testing.  For tension testing of a free-standing composite film, metal 

evaporation was done.  Metal evaporation provided a higher quality silver film that could 

be handled more readily as a free-standing film compared to composites fabricated by 

electrochemical deposition.   

Spray coating of the carbon nanotube layer was chosen as a fabrication method that 

could be easily integrated into the photovoltaic gridline deposition process on at a 

manufacturing scale.  Several spray coating apparatuses were used including affordable 

gravity feed devices like an airbrush and paint spraying gun.  An ultrasonic atomizer was 

also explored as a more costly option, but with more control over spray parameters.   
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2.1.1 Electrochemical Deposition 

 In electrochemical deposition (or electroplating), electrolysis is used to deposit 

material, typically metal, from a source electrode to a substrate electrode.  In the most basic 

electroplating setup, an anode of the source metal and a cathode for material deposition are 

placed in an electrolyte solution that contains ions of the source metal, in this case silver.  

The anode and cathode are connected to the positive and negative terminals of a power 

supply respectively to form an electrically conducting electroplating cell.  Once the 

electroplating circuit is complete, free electrons are pulled out of the anode via the power 

supply and silver atoms within the anode are oxidized, losing an electron.  The positively 

charged silver ions then dissolve away from the anode into the plating solution and are 

drawn to the cathode due to its negative charge.  At the cathode, electrons moving through 

Figure 2.1 Electroplating process. Ag atoms from anode are oxidized, silver ions from 

electrolyte solution and anode attract to cathode where reduction occurs, gradually 

forming a film 
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the circuit cause a reduction of the positive silver ions at the surface of the anode, 

neutralizing the atoms into solid silver and initiating silver growth.  This process is 

illustrated in Figure 2.1.  [71] 

 The traditional silver-plating solution has been potassium silver cyanide 

[KAg(CN)2].  Due to toxicity and environmental hazards [72], a commercially 

manufactured silver nitrate bath was used in this work, E-Brite 50/50 RTP produced by 

Electrochemical Products Inc (EPi) [73].  This solution is for use at room temperature with 

an optimum pH of 9.2 and a cathode current density range of 3 – 10 mA/cm2.  In the 

electrolyte solution the silver nitrate (AgNO3) ionic compound dissolves into Ag+ and 

NO3-.  The Ag+ ions are drawn to the cathode and the NO3- ions are drawn to the anode 

enabling current flow through the solution.  This process reaches an equilibrium where the 

concentration of silver ions in the solution is maintained during deposition with the rate of 

oxidation of silver atoms at the anode being equal to the rate of reduction of silver atoms 

Figure 2.2 Three-electrode electrodeposition setup. CE-counter 

electrode, WE- working electrode, RE- reference electrode 
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at the cathode.  The silver nitrate solution does not produce as high quality of film as the 

traditional cyanide baths [71], but the reduced toxicity permits greater flexibility in a 

laboratory setting.   

 A three-electrode cell was used for electrochemical deposition of silver in this work 

to monitor both the potential and current during deposition, see Figure 2.2.  The cathode 

or working electrode (WE) is the deposition substrate.  A reference electrode (RE) is used 

as a mechanism to measure voltage at the cathode.   The counter electrode (CE) is the 

source material anode.  All electrodes are connected to a potentiostat (Princeton Applied 

Research PARSTAT 3000A-DX) to measure current and voltage during the deposition 

process.  The potential of the cathode is kept constant relative to the reference electrode. 

 The growth pattern and quality of growth for an electroplated film depends on many 

factors; cathode potential, current density, additives, substrate, and impurities are the most 

impactful.  The current density has the largest impact on growth pattern and quality of the 

deposit [74].  A current density is chosen and that dictates the potential set between the 

working electrode (cathode) and reference electrode.  The ideal current density for this 

setup was found to be 3 mA/cm2 [74, 75].  Brightness and surface roughness (leveling) can 

be controlled by introducing additives to the plating solution.  In this setup, the selected E-

brite 50/50 solution has been formulated to provide sufficient quality without additives.  

The surface of the substrate influences the structure of the deposit.  For silver 

electroplating, a thin layer (100 nm) of silver was evaporated onto a GaAs substrate or the 

gridlines of an existing cell as a seed layer.  The electrodeposited film is initially formed 

by clusters of silver adions forming nucleation sites along the surface of the substrate.  

Those clusters form into crystals that eventually lead to a polycrystalline film.  The 
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substrate has a significant role in the initial structure, but for films over one micron the 

electrodeposition parameters (mainly current density) are more important to the 

microstructure of the deposit which was the case in this work [71].    

Most optimization work for this electroplating setup was a large part of another 

PhD research project [75].  In this work, electrodeposition was used for coating existing 

gridlines of a photovoltaic cell with a metal matrix composite (MMC) for device level 

electrical characterization and analytical modeling before and after cracking.  It was also 

used for fabricating MMCs on a GaAs substrate for nanoindentation mechanical testing.    

2.1.2 Electron Beam Evaporation 

 Electrodeposition is a faster deposition method compared to electron beam 

evaporation mainly because e-beam deposition requires pumping down to low pressures of 

high vacuum.  However, electron beam evaporation provides a better quality film to be 

used as a free-standing film for tension testing.  Electron beam evaporation is used to 

Figure 2.3 Schematic of fundamental components 

and setup for electron beam evaporation 
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deposit the top and bottom silver layers of the free-standing metal matrix composite 

(MMC) to be mechanically characterized.  This method of physical vapor deposition 

(PVD) uses an accelerated electron beam controlled by a magnetic field to vaporize the 

source material.  The deposition is done under high vacuum to encourage transport of the 

vapor of source material atoms to condense on the deposition substrate.  The high vacuum 

also reduces impurities in the deposition environment.  The electron beam is created via 

thermionic emission of a filament, commonly tungsten.  The emission current applied to 

the filament controls the intensity of the electron beam and determines the deposition rate 

of the source material onto the sample.   

A schematic of the basic components and setup for electron beam evaporation are 

shown in Figure 2.3.  The tungsten filament is the cathode within the electron gun and the 

anode is the material source to be heated.  The negatively charged cathode ejects electrons 

that are then attracted to the source material (anode) where they can heat the material to a 

molten state and produce a vapor.  A potential difference is maintained between the cathode 

and anode of 10 kV, accelerating the electrons to the source.  An operating pressure of 

about 10-3 Torr or less is required to avoid electron scatter within the produced electron 

beam.  The tungsten filament is positioned out of the path of the molten material and 

electromagnets control the electron beam location on the workpiece.  The piezoelectric 

properties of a quartz crystal are used to measure the deposition thickness.  The resonance 

frequency of the quartz is inversely proportional to the crystal thickness which grows as 

silver is deposited in the test chamber. [76] For the free-standing films characterized in this 

work, silver was deposited at a pressure of at least 2(10)-6 Torr and a deposition rate of 2.5 

Å/s on glass substrate with thicknesses of 2 µm for each layer. 
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2.1.3 Spray Coating 

 Throughout this project several different spray deposition apparatuses were used to 

coat carbon nanotubes (CNTs) for metal matrix composite (MMC) fabrication.  Carbon 

nanotubes were suspended in a fluid solvent at a given concentration.  Two types of 

atomizers were used for CNT deposition: two different gravity fed, pressure nozzles and 

an ultrasonic nozzle.  The gravity feed spray coaters are extremely affordable and had 

potential for offering low-cost CNT deposition.   However, issues with controlling flow 

rate and atomized droplet size led to inconsistent nanotube deposition and poor 

repeatability.  The ultra-sonic atomizer is more appropriate for a laboratory setting with 

precise control of flow rate and production of smaller droplet sizes. 

 In spray coating applications it is generally favorable to have a reduced average 

droplet size emitted from the nozzle.  Smaller droplets lead to a more uniform coating and, 

in the case of CNTs, help to reduce agglomerations.  Emitted droplets of the CNTs in 

solution are deposited on the substrate where solvent evaporation begins.  During 

evaporation the CNTs can pool together leaving behind agglomerations.  The outer edges 

of the droplets evaporate first.  As this occurs, liquid from the center of the droplet moves 

toward the outer edges transporting CNTs toward the edges where they are left as 

agglomerates after the solution fully dries [77].  This phenomenon is referred to as the 

coffee ring effect [78].  The agglomerations due to the coffee ring effect can be reduced 

for CNT deposition by lessening the droplet size and using a heated sample stage for rapid 

evaporation. 

In gravity fed, pressurized atomizing nozzles there are several parameters that 

impact the droplet size; flow rate, pressure, solvent surface tension, solvent viscosity, and 
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nozzle-to-sample distance.  Droplet size decreases with decreasing flow rate, surface 

tension and viscosity [79–81].  Droplet size is also decreased with increasing pressure and 

nozzle-to-sample distance [79, 80, 82].  With gravity feed spray nozzles, the liquid is forced 

into droplets (or atomized) by a pressurized gas, commonly an air compressor [83].  The 

compressed air exerts a force on the liquid solution in the reservoir.  When the pressure of 

the compressed air is greater than the internal pressure of the liquid droplet, atomization 

occurs.       

Initial CNT deposition was done with a gravity fed airbrush aligned above the 

sample which is mounted on a linear translation stage, the CNT quantity was varied by 

varying the number of cycles the samples passed beneath the airbrush nozzle.  The CNT 

solvent used with this nozzle was typically DI water at a concentration of 1.3 g/L.  DI water 

kept the CNTs suspended longer than other common solvents.  While the airbrush nozzle 

provided an extremely low cost and rapid method of deposition, the manual control of flow 

rate prohibited accurate control leading to large variations in output sample quality.  

Droplet size was also larger than optimal leading to significant agglomeration due to 

uneven evaporation, even when paired with the heated stage. 

 To continue exploring low-cost spray coating applications, a larger high-volume 

low pressure (HVLP) gravity feed air spray gun was used.  The HVLP spray gun operates 

at a higher pressure compared to the airbrush nozzle (40 psi compared to 20 psi).  To further 

reduce droplet size, chloroform (CHCl3) was used as the solvent due to its lower viscosity 

and surface tension when compared to deionized water, see Table 4.1.  Both the airbrush 

nozzle and the HVLP nozzle had a nozzle-to-sample distance of 12 inches.   
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 Ultrasonic atomization is more favorable compared to the gravity feed atomizers.  

The droplet size and size distribution [84] are lower for ultrasonic nozzles giving a more 

homogeneous coating.  The ultrasonic nozzle also offers control over flow rate, enhancing 

the repeatability of CNT surface coverage for the same translations cycles of the nozzle 

over the sample.  Rather than dispersion by mechanical force from air pressure as in the 

gravity feed mechanisms above, when an ultrasonic frequency is passed through a liquid, 

waves are generated within the liquid. When the intensity is high enough the bulk of the 

liquid begins to eject droplets and atomize [85].  In 1961 the droplet size produced by 

ultrasonic atomization was determined [86]: 

𝑫 = 𝟎. 𝟑𝟒 (
𝟖𝝅𝝈

𝝆𝒇𝟐 )
𝟏

𝟑⁄

  (Eq. 2-1) 

Where σ is the liquid surface tension, ρ is the liquid density, and f is ultrasonic frequency.  

For this work, the Sonaer Narrow Spray Atomizer Nozzle was used at a frequency of 130 

kHz.  To direct the atomized liquid a spray shaper is used, Sonaer’s Pin Point Spray 

Shaper.  The spray shaper has an inlet port for compressed air.  The pressure is small, 

around 5 psi, to direct the flow onto the sample and contributes very little to the droplet 

size or atomization effects.  The frequency is passed into the nozzle via an ultrasonic 

frequency generator (SONOZAP Atomizer Generator).  The liquid is passed into the nozzle 

with a syringe pump, at a given flow rate.  The atomizer nozzle is attached to a linear 

stepper motor that translates over the sample.  The sample is placed on a hot plate to speed 

up evaporation of the solvent.  The nozzle-to-sample distance is 3.5 inches.  Low CNT 

concentrations are used (≈ 0.0007% wt.) to avoid agglomerations [87].  The nozzle speed 
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was set to 1250 mm/min which was slow enough to observe solvent evaporation on the 

substrate between passes.   

2.2 Characterization Techniques  

Mechanical characterization of the composites was done using nanoindentation and 

tension testing via dynamic mechanical analysis (DMA).  Nanoindentation was used for 

initial testing of layer-by-layer films, but ultimately tensile properties of the composite as 

a free-standing film gave more insight into the MMC mechanical response.  The majority 

of experimental mechanical data in this work is obtained by DMA tension testing.  

Scanning electron microscopy was a crucial component of CNT quantification.  SEM 

images of the CNT layer surface were analyzed using computational methods to obtain 

surface coverage values of the carbon nanotubes.   

2.2.1 Nanoindentation 

 Nanoindentation was used as an initial mechanical test method for characterization 

of the metal matrix composite (MMC).  MMC films for nanoindentation testing were 

fabricated using electroplated silver and either nanospread or dropcast carbon nanotubes 

on a gallium arsenide (GaAs) substrate.   

 The primary measurements during nanoindentation are penetration depth of the tip 

into the sample and the applied load of the indenter tip.  These measurements are correlated 

to the material’s hardness and elastic modulus.  An example curve of the load-displacement 

measurement for a single indentation is shown in Figure 2.4.  The indentation tip is 

typically made of diamond with a tip diameter around 100 nm.  For this work, a pyramidal 

diamond Berkovich indenter was used.   Over time the indentation tip begins to blunt, 
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causing errors within the measurements [88].  Based on the indenter type, instrumentation 

software attempts to account for blunting effects.  Once the tip begins to blunt, errors are 

more pronounced for shallow indentation depths.  A mechanical load is applied to the tip 

up to a penetration depth defined by the test parameters at a given loading rate then the tip 

is unloaded typically at the same rate with load and depth being continuously recorded.  

The indentation displacement is measured using an electrostatic transducer.  Due to the 

sensitive nature of measuring atomic scale displacements (≈ nm) and applying small loads 

(≈ mN), the test environment must be isolated from any vibrations or fluctuations in 

ambient conditions.  A dwell time is typically added to the test between loading and 

unloading to allow the creep rate of the material under test to stabilize.  Individual 

indentations are made across the samples with spacings large enough to prohibit 

interference between measurements.  The material properties of the sample are calculated 

based on the interaction of the tip with the sample material.  The indentation depth and 

indenter tip properties are used to calculate the contact area (As).  Which is then used for 

both the hardness (H) and reduced elastic modulus calculations (Er) done by the 

instrumentation software.  Therefore, the reliability of the contact area measurements is 

important for accurate material properties measurements.  The hardness is calculated using 

the maximum load (Pmax) and the contact area: 

𝑯 =
𝑷𝒎𝒂𝒙

𝑨𝒔
⁄   (Eq. 2-2) 

The elastic modulus is calculated using the Oliver-Pharr method [89, 90]: 

𝑬𝒓 = √𝝅𝑺
𝜷𝟐√𝑨𝒔

⁄   (Eq. 2-3) 
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Where S is the stiffness, calculated by a user defined percentage of the unloading curve.  

The parameter β is the indenter shape constant.  The term “reduced elastic modulus” is the 

elastic modulus of the combination of the measured material and the indenter tip.  The 

contact area can be affected by surface roughness since it is calculated using the penetration 

depth.  Variations in surface can cause measurement errors [91].  The point of first surface 

contact (depth = 0) for the indenter can be obtained by several methods.  The two most 

common are either using a preset force to determine when the depth is set to zero, or the 

force is monitored before indentation and when there is a spike in load, the depth is adjusted 

to zero [92].  Errors in determination of the zero-depth point propagate throughout the 

entire test.  Measurements of contact area can also be erroneous due to “pile-up” where the 

material of the sample piles up around the indentation impression causing a greater contact 

area than is measured erroneously calculating hardness and reduced modulus [90, 93].  Pile 

Figure 2.4 Loading and unloading curve example of nanoindentation test with a 60 second 

dwell time at maximum load to allow for creep effects.  Stiffness (S) is illustrated as the 

slope of the unloading curve. 
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up is common in soft, elastic-plastic materials such as metals or metal matrix composites.  

The film substrate can contribute to the mechanics of the film measured by 

nanoindentation.  To avoid substrate effects in the measured material’s data the penetration 

depth of the measured material should not be more than 10% of its total thickness [89].  

2.2.2 Scanning Electron Microscope 

 A scanning electron microscope (SEM) is used to image the carbon nanotube 

(CNT) layer of the metal matrix composite after spray coating and determine the CNT 

surface coverage.  The components of the SEM are arranged in a column under high 

vacuum with an electron source at the top and ending with the specimen to be imaged at 

the bottom.  Electrons accelerate down the column and bombard the sample.  Scattered 

electrons from the sample material then enter detectors to form an image.  The electron 

source is an electron gun composed of a tungsten filament cathode with an anode near by 

to accelerate the electrons toward the sample.  The tungsten filament generates electrons 

via the thermionic effect.  A high voltage ranging from 1 eV to 50 eV is applied at the 

electron gun.  Commonly, the beam voltage is near 20 eV.  Lower voltages give way to 

more aberrations within the beam and less electron scattering at the specimen, resulting in 

a poor image.  Donut shaped electromagnets focus the beam as it passes through the 

annulus.  Each condenser lens decreases the beam spot size by 10 – 40x and the final spot 

size can be decreased as low as 1 nm depending on the probe current [94].  There are 

traditionally two condenser lenses and one objective lens.  The objective lens is the 

strongest and help to correct aberrations.  To produce a two-dimensional image of a sample, 

a scanning coil sits above the objective lens and is used to rasterize the beam to scan the 

sample area under investigation.  The rasterized scan area is the region of the resulting 
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image.  The magnification of the image is the ratio of the generated image size to the beam 

scan area.  Magnification is increased by decreasing the scan area.  The deflection system 

also allows the user to select the region of the sample to be imaged by moving the beam 

location.  The sample stage is positively charged, therefore sample charging must be 

considered for certain samples, such as insulators.  Additionally, pure materials with high 

atomic number have a reduced interaction depth with the beam which can be overcome by 

increasing the electron beam energy[94].  The scattering intensity and area are important 

considerations for imaging and depend on the beam energy and sample thickness.  A higher 

electron beam energy will have a larger interaction depth and provide more scattering 

collisions in addition to a larger scattering area.  Thin samples will have smaller scattering 

area due to increased electron transmission through the sample.   

There are two main types of scattered electrons during SEM imaging: secondary 

electrons (SE) and back scattered electrons (BSE).  Secondary electrons are produced by 

inelastic collisions within the specimen at shallow depths.  These secondary electrons have 

low energy (0.5 – 5 eV) [94].  Back scattered electrons come from deeper in the sample 

and are the product of several elastic collisions.  Back scattered electrons have high 

energies, close to that of the initial electron beam.  Separate electron detectors are used for 

each type of scattered electron.  The back scattered electron detector sits below the 

objective lens with an opening the center.  The BSE detector is typically a silicon pn 

junction.  The secondary electron detector has a positive charge that attracts scattered 

electrons.  Accelerated secondary electrons strike the detector and produce photons that 

travel through a “light pipe” onto a photomultiplier tube which converts the photons into 

electrical signals.  The scattered electrons incident onto the detectors have varying intensity 
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based on their exit angle from the specimen.  These changes in intensity are recorded as 

variation in contrast to produce the final SEM image.  

2.2.3 Dynamic Mechanical Analysis 

 Dynamic Mechanical Analysis is a technique used to measure the stress-strain 

response of materials.  Measurements can be carried out with temperature variations, under 

humidity conditions, or even submersed in a fluid environment.  In most DMA instruments 

there are numerous testing clamps that can be attached so that mechanical testing can be 

done under tension, compression, 3 point bend or shear.  For this work, free-standing metal 

matrix composites were tested in tension using the TA Instruments DMA Q800.   

 The DMA operates by applying a sinusoidal force (stress) to the sample and 

measuring the resulting displacement (strain).  The sinusoidal force is applied to the sample 

via a non-contact linear drive motor.  A sinusoidal response is measured, in addition to the 

phase shift of the two curves.  The phase shift contains viscoelastic information about the 

material.  The phase shift aspect of DMA is not of large importance for this work.  Strain 

is measured using an optical encoder with a strain resolution of 1 nm [95].  The raw data 

provided by the instrument is force and displacement, stress (σ) and strain (ε) can then be 

calculated based on the dimensions of the sample: 

𝝈 =  
𝑭

𝑨 
 

(𝒇𝒐𝒓𝒄𝒆)

(𝒄𝒓𝒐𝒔𝒔 𝒔𝒆𝒄𝒕𝒊𝒐𝒏𝒂𝒍 𝒂𝒓𝒆𝒂)
 (Eq. 2-4) 

𝜺 =  
𝜟𝑳

𝑳
 
(𝒄𝒉𝒂𝒏𝒈𝒆 𝒊𝒏 𝒍𝒆𝒏𝒈𝒕𝒉)

(𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒍𝒆𝒏𝒈𝒕𝒉)
 (Eq. 2-5) 

From the resulting stress strain curve, material properties such as elastic modulus, fracture 

strain, modulus of toughness, and ultimate tensile stress can be extracted.   
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 For DMA testing of free-standing films in Chapter 4, sample lengths were measured 

by the instrument after being mounted to the tension clamps.  The thickness of the sample 

was set to the sum of the MMC silver layer thicknesses, measured by the metal evaporation 

instrument.  The carbon nanotube layer is assumed to not contribute significantly to MMC 

thickness.  The tension tests were performed by ramping the strain 0.05% per minute up to 

fracture at room temperature.  In tension testing, the top clamp is fixed, and the force is 

applied to the bottom clamp.  Each time a clamp is reinstalled on the machine it is calibrated 

by the instrument through weight and position calibrations.  The instrument is also 

calibrated to a known test specimen.  Although a sinusoidal force is applied throughout 

testing, for tension tests a static force is also applied that is larger than the sinusoidal force.  

This is to prevent buckling of the film [96].  Because these samples are only 4 µm thick, to 

measure the initial specimen length, it was necessary to manually weigh down the lower 

clamp to remove any visible slack.  However, after the test began there was typically a 

small amount of residual slack remaining in the film.  It was visually noted during the 

beginning of the test when the sample was in tension.  The slack region of the raw data was 

removed by shifting the curve to the origin at the point of sample tension.  It was also noted 

if the sample fractured in the center.  As is common for stress testing of material samples, 

the free-standing films were fabricated in a dog-bone shape.  This shape concentrates stress 

in the middle of the film during tension testing, promoting failure away from the sample 

clamps.  If there was a fracture closer to the mounting paddles, it was likely due to a pre-

existing notch or tear in the film and the results were invalidated.  To give more insight 

into the cause of the fracture, optical microscope imaging was done on the edges of each 



35 

 

specimen prior to testing.  Notes were made on the location of any large notches that may 

initiate fracture. 

   

  

Figure 2.5 Schematic illustrating a stress strain curve with sample slack 

compared to the shifted curve after the slack region is removed. 
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CHAPTER 3: DEVICE-LEVEL PERFORMANCE EVALUATION OF 

METAL MATRIX COMPOSITES AS PHOTOVOLTAIC GRIDLINES 

3.1 Fundamentals of Photovoltaic Devices 

There’s long been and continues to be interest in improving efficiency and longevity 

of solar cells.  This work is focused on enhancements to device mechanical resilience that 

can lead to improved performance of the cell in the event of cell cracking.  The work 

presented in this chapter aims to understand the impact of a metal matrix composite used 

as PV metallization.   

Evolution of Photovoltaic Devices 

The fundamental theory used in photovoltaic (PV) cells, the photovoltaic effect, 

was first observed in 1839 by Alexandre Edmond Becquerel [97].  The photovoltaic effect 

is an energy conversion mechanism, where photons are absorbed by a material via incident 

light and electrical energy is generated.  The incident photons contain enough energy to 

Figure 3.1 Simplistic view of the photovoltaic effect.  A.) Incident photons (sunlight) are 

absorbed by the material.  B.) Photons with energies greater than the bandgap of the 

material excite electrons from the valence band (EV) into the conduction band (EC) 

creating an electron-hole pair. 
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excite a carrier from a ground state to an excited state, during this process a free electron-

hole pair is created able to generate current, see Figure 3.1.   

Advances in the growth of single-crystalline silicon and a better understanding of 

the photovoltaic effect led to the first practical solar cell device, designed, and fabricated 

at Bell Labs in 1954 by Chapin, et. Al. [98].  This initial PV cell was a pn-junction made 

of silicon with a thin p-type layer on top of a thicker n-type base.  The shallow penetration 

depth of sunlight required the junction to be near the surface of the device.  At the time, a 

theoretical efficiency of 22% was predicted, considering that only incident light with 

energies matching the silicon bandgap would create free electron-hole pairs.  However, 

further limitations to the device became obvious.  The silicon surface was highly reflective, 

leaving only about half of the incident sunlight to absorb.  Recombination of electron-hole 

pairs, surface resistances, and contact resistance all contributed to losses in the device.   

The issue of surface recombination was addressed in 1957 by Mohamed M. Atalla 

at Bell Labs [99].  The surface of a semiconductor the crystal lattice is imperfect and 

dangling bonds exist with un-paired electrons.  These dangling bonds introduce new energy 

levels that would otherwise be forbidden called surface states.  The surface states act as 

recombination sites for electron-hole pairs, reducing the carrier concentration and 

ultimately leading to reduced efficiency in a PV cell [100].  Atalla initiated the field of 

surface passivation, in which a surface treatment is done to reduce surface recombination.  

Atalla’s solution was a thin layer of silicon dioxide (SiO2) thermally evaporated onto the 

silicon surface.  SiO2 is a dielectric with a wide bandgap compared to silicon.  It passivates 

the silicon surface by providing atoms to bond with any dangling bonds.  In addition to 

reducing losses due to surface recombination, subsequent work was done during this time 
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to optimize front metallization for current collection and distribution in a grid pattern [101–

103].  The trade off in grid pattern optimization is shading of the cell due to reflection of 

the metallization versus the resistance of the metal contact with wider grid spacing.  Work 

was also done to improve radiation resistance of PV devices for space applications [104] 

and increase efficiency leading to the launch of the first satellite (Vanguard 1, 1958) to use 

solar powered photovoltaic cells [105]. 

The research area of photovoltaic devices has continued to grow from the earliest 

solar cells in the 1950s up to present day.  Small solar cells were integrated into daily items 

like calculator and wristwatches.  Research into PV device materials and structure 

expanded.  By 1986, the efficiency of silicon PV had increased to 20% by improvements 

of surface passivation [106].  In the early 1990s concentrator solar cells were gaining 

attention.  Concentrator solar cells use optics to focus the sunlight onto a smaller cell and 

generate higher efficiencies.  A remarkable efficiency of nearly 41% was obtained in 2008 

using a concentrated inverted metamorphic (IMM) triple junction cell [107].  Today there 

are many different categories and materials used in PV fabrication.  The highest 

efficiencies are still coming from multijunction IMM cells.  Silicon is the traditional (and 

Figure 3.2 Basic structure of single junction silicon solar cell 
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more cost effective) material used for PV.  It currently holds a maximum efficiency of 

about 26% [108]. 

Photovoltaic Device Structure 

The pn-junction is the basis for photovoltaic cells.  In silicon cells, the negatively 

doped n-type silicon is typically near the top of the cell, referred to as the emitter.  The 

positively doped p-type silicon is underneath, referred to as the base.  The emitter is much 

thinner than the base so that the junction is near the surface of the device for better 

collection of free carriers by the cell metallization.  Incident photons with the same energy 

as the bandgap of the PV material (Eg = 1.12 eV for silicon) create an electron-hole pair.  

The pn-junction separates the electron and hole to allow for conduction when an external 

load is applied.  The SiO2 passivation layer is applied over the pn-junction.    

The pn- junction is the semiconductor component of the PV device responsible for 

converting sunlight into electron-hole pairs.  Metal contacts are applied to the front and 

back of the pn-junction to allow for collection of the electrons and provide current to an 

external load.  The front contacts are typically in an array of thin metal strips distributed 

vertically across the cell, referred to as gridlines, and connected to a slightly thicker 

horizontal strips referred to as a busbar.  The back contact is typically a full layer of either 

silver or aluminum or a combination, covering the entire back surface of the cell.  PV 

metallization is commonly applied using electroplating, metal evaporation, or screen 

printing.  Electroplating and metal evaporation have been discussed in Chapter 2.  In screen 

printing, a silver paste is used as the ink and a stencil with the desired gridline or 

metallization pattern is used to place the gridlines directly onto the device.  The silver paste 

is then fired to lock the gridlines in place.  A surface treatment is done to the top of the cell 
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to minimize reflections.  Commonly, an anti-reflection coating (ARC) layer is applied.  

This optical layer is designed with a certain thickness and refractive index so that light 

reflected from the semiconductor surface destructively interferes with light reflected from 

the ARC layer.  The basic structure of a single junction silicon cell is shown in Figure 3.2. 

The triple junction solar cell follows the same basic structure as the conventional 

silicon cell but has three pn-junctions opposed to one to take advantage of a broader photon 

spectrum.  The bottom layer is a germanium junction (Eg = 0.67 eV), the middle layer is a 

In0.02Ga0.98As junction (Eg = 1.39 eV), and the top layer is a In0.5Ga0.5P junction (Eg = 1.86 

eV).  The alloy compositions were chosen to best lattice match that of germanium[107].  

The advantage of the triple junction is that multiple bandgap energies of light can create 

free carriers within the device, capturing incident light that would otherwise be lost in a 

single silicon junction.   

Fundamentals of PV Operation 

Absorption of incident photons with energies greater than the bandgap of the 

semiconductor used in the PV device create electron hole pairs within the semiconductor 

material.  Photons with energies smaller than the bandgap do not generate carriers and are 

considered a loss from the perspective of utilized incident sunlight.  Photons with energies 

larger than the bandgap create electron-hole pairs, but the electrons typically thermalize 

back to the conduction band before they are collected [109].  The electric field created at 

the junction of the pn-junction sweeps electrons into the n-type region and holes into the 

p-type region.  The electrons can then be collected by the gridlines.  Once the front and 

back contacts are connected to each other, current flows through the circuit through a 

resistive load.   
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The equivalent circuit that describes the electrical operation of a solar cell can be 

viewed as a current source in parallel with a diode.  To further the model accuracy, resistors 

are added in both series and parallel to the current source to account for parasitic effects 

within the device.  The current source is viewed as the light-generated current, IL which is 

the maximum possible current the cell can provide.  The diode represents the pn-junction 

that is critical to the device’s operation by separating generated electron hole pairs from 

incident photons to generate a current.  The resistor in parallel to the current source is the 

shunt resistance, Rsh.  This resistance is viewed as an alternative current path due to defects 

within the device therefore a high shunt resistance is desired signifying low current 

leakage.  The resistor in series with the current source is referred to as the series resistance, 

Rs.  This resistance is generated from contact resistances at the metal/semiconductor 

interface and the flow of current through the semiconductor regions of the device.  To 

optimize the power obtained from the cell, in real-world devices it is desirable for the series 

resistance to be as low as possible.  This equivalent circuit and the IV curve of a PV device 

can be described using the following equation: 

𝑰 =  𝑰𝑳 − 𝑰𝟎 [
𝒒(𝑽+𝑰𝑹𝒔)

𝒏𝒌𝑻
] −

𝑽+𝑰𝑹𝒔

𝑹𝒔𝒉
  (Eq. 3-1) 

Figure 3.3 Equivalent circuit of photovoltaic device using the single diode model 
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The term I0  represents the saturation current which is related to the current that flows under 

no illumination due to thermally generated carriers, the value is dependent on 

recombination effects within the device.  The term n is the ideality factor and indicates how 

closely the cell follows the ideal diode equation.  An ideality factor of n = 1 would be 

exactly following the ideal diode equation and anything larger indicates losses due to 

recombination effects.  The constants in the IV equation are q, the electron charge, k, the 

Boltzmann constant, and T the operating temperature.  The term kT/q is the thermal voltage 

and VT = 0.026 eV at room temperature (T = 300 K). 

Figure 3.4 shows the shape of the IV response for a photovoltaic device.  The short 

circuit current, Isc is the current when there is zero voltage across the cell and is equivalent 

to the light generated current, IL under ideal conditions (Isc = IL).  The Voc is the open-circuit 

voltage or the voltage when there is no current, this is the maximum voltage of the cell.  

Figure 3.4 LIV curve of a PV device (-).  The power curve (-) is the integral 

of LIV curve.  The shaded region represents the fill factor (FF) 



43 

 

The Voc is dependent on I0, and therefore is affected by recombination effects within the 

cell.  The squareness of the curve is referred to as the fill factor, FF, and is a measure of 

the cell’s maximum power.  The fill factor is a ratio of the maximum power (Pmp) and the 

product of Isc and Voc.  The maximum power of the cell is found by taking the derivative of 

the IV curve and locating the maximum.  The fill factor is used to calculate the efficiency 

of the cell which is the ratio of output power over input power from the sun.  The standard 

value for input power density from the sun is Pin = 100 mW/cm2.  The equations for fill 

factor (FF) and efficiency (η) are as follows: 

𝑭𝑭 =
𝑷𝒎𝒑

𝑽𝒐𝒄𝑰𝒔𝒄
=

𝑽𝒎𝒑𝑰𝒎𝒑

𝑽𝒐𝒄𝑰𝒔𝒄
  (Eq. 3-2) 

𝜼 =
𝑷𝒎𝒑

𝑷𝒊𝒏
=

𝑽𝒐𝒄𝑰𝒔𝒄𝑭𝑭

𝑷𝒊𝒏
  (Eq. 3-3) 

3.2 Metal Matrix Composite Integration onto Photovoltaic Gridlines 

 

Microcracks in PV devices can occur within the brittle semiconductor due to 

mechanical stresses.  Not only do cracks cause defects and recombination issues, they can 

also damage the metallization of the device, preventing current flow through the cell and 

reducing the power output of the module [3, 10–13, 110–116].  With the improved tensile 

and electrical properties of CNTs[22, 24, 56, 67, 117–121], it is hypothesized that CNTs 

are capable of bridging microcracks across PV gridlines thus maintaining current across a 

cracked silver gridline.  To investigate the influence of CNTs embedded in metal gridlines, 

a carbon nanotube metal matrix composite (MMC) was integrated onto existing 

metallization of triple junction (TJ) cells.  Cracks were introduced into the cells to study 

the ability of the CNTs to maintain current across cracks.  Both control TJ cells with no 
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CNT incorporation and cells with MMC incorporation were tested under solar simulation.  

Electroluminescence imaging was used to visually inspect the impact of cell cracking.  The 

LIV curves provided by solar simulation were analyzed and fit to the single diode equation 

(Eq. 3.1), describing the electrical performance of the TJ cell, to examine the individual 

performance parameters of control cell and MMC cells before and after introducing cracks.   

The metal matrix composite (MMC) is integrated onto the existing gridlines of 2 cm 

x 2 cm SolAero ZTJ triple-junction PV cells.  The ZTJ cell uses the traditional triple 

junction structure of Ge/InGaAs/InGaP from top to bottom on a germanium substrate 

[122].  The silver gridlines are 30 µm wide with 750 µm spacing and 4 µm thick.  The 

MMC is applied in a layer-by-layer structure with the CNTs sandwiched between layers of 

silver.  The initial layer of silver is electroplated onto a seed layer of metal evaporated 

silver, followed by carbon nanotube (CNT) spray coating and a final layer of electroplated 

silver.  Silver electroplating was done at a current density of 9 mA/cm2, which was chosen 

because it gave the brightest finish indicating higher quality silver [74].  A pre-made plating 

solution was used, E-brite 50/50 RTP which was chosen for its low toxicity compared to 

traditional cyanide-based plating solutions.  The first layer of silver is approximately 3 µm 

Figure 3.5 MMC gridline fabrication process [142] 
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thick and the final is approximately 1 µm thick.  An aqueous CNT solution with a 

concentration of 1.3g/L was spray-coated with the air brush nozzle onto the cell under a 

heated stage allowing for rapid evaporation of the solution.  The CNTs used are low-cost, 

low-purity multi-walled CNTs (MWCNT).  The MWCNTs are functionalized with COOH 

for a negative surface charge to produce a stable aqueous solution with better adhesion to 

the silver layer [74].   

Solar simulation is used to obtain LIV (light current-voltage) curves for both control 

cells and MMC-integrated cells before and after introducing cracks.  Cracks are introduced 

by placing the cell over a curved surface with radius of curvature r = 6 cm and applying an 

external load across the surface of the cell.  An X-25 solar simulator (Mark II, SpectroLab 

Inc.) using AM0 spectrum is used for LIV testing.  AM0 (air-mass 0) is the sunlight 

spectrum used for space applications.  There is also a standard spectrum used for terrestrial 

applications (AM1.5), that is modified to include irradiance attenuations due to 

atmospheric effects.  A lamp with the standard one-sun illumination intensity of 100 

Figure 3.6 General structure of an IV (solar simulation) test setup [144] 
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mW/cm2 is used to irradiate the sample and the current voltage response is measured.  

Figure 3.6 shows the basic setup of solar simulation testing.   

Electroluminescence (EL) provides a visual electrical characterization of the cells 

before and after cracking, and is a standard tool for PV device characterization [3, 123, 

124].  EL measurements are done by forward biasing the cells at 30 mA (~ 7.5 mA/cm2). 

The top subcell (GaInP) emits photons in the visible region at 683 nm under forward bias 

and can therefore be captured with traditional photography. The EL response of this top 

subcell provides visualization of electrical disconnection across gridlines due to cracks 

introduced in the cell, an example is shown in Figure 3.7.   

3.3 Device Level Electrical Performance Analysis 

 

LIV Curve Results & Discussion 

 

The EL images of the control set of PV cells (Figure 3.8 inset) show large dark 

regions of the top cell after cracking.  Dark regions are areas of the cell that are inactive 

indicating no electrical conduction and significant power loss.  The LIV curves of the 

control samples are shown in Figure 3.8.  The short circuit current (Isc) shows a maximum 

Figure 3.7 Example of cracks indicated using electroluminescence.  The dark areas 

represent electrical disconnections due to cracks. [3] 
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and average loss of 55% and 31% respectively after cracking compared to pre-crack.  This 

indicates that as much as half the current that the cell is capable of producing has been lost 

due to cell cracking.  The open circuit voltage (Voc) is subtly impacted with maximum and 

average losses of 9% and 5%.  This could be due to the lowered light current generated by 

cracked cells, or due to a low shunt resistance in the cell caused by current leakage and 

defects near cracks.  Fill factor (FF) has a maximum degradation of 34% and average of 

31% after cracks are introduced.  The reduction in Isc, Voc, and maximum power contribute 

to the decline in fill factor.  Efficiency (η) is dependent on the fill factor, Isc, Voc, and shows 

the largest deterioration of these four parameters.  For control samples, the observed 

maximum percent decrease in efficiency post-crack is 67% with an average of 52%.     

Figure 3.9 shows the LIV curves of the cells with MMC gridlines.  In the EL images, 

cracks appear as bright regions opposed to the dark inactive regions of the control cells.  

This indicates current is being conducted across the entire cell despite the cracks.  The Isc 

of cracked MMC cells confirms that current is maintained across cracks.  The maximum 

degradation of Isc is only 1% for MMC cells, compared to 55% of control cells.  The Voc of 

the MMC cells shows similar small losses to that of the control after cracking around 5% 

- 10%.  The bright spots near the cracks of the MMC suggest regions of higher current than 

the surrounding area, thus potential current leakage.  Current leakage would reduce the 
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shunt resistance and lower the Voc.  The fill factor improved for cracked cells with MMC 

gridlines compared to control.  The average degradation in fill factor for cracked MMC 

cells was 16% compared to 31% for control cells.  The efficiency degradation improved 

from 52% in control cells to 21% in MMC cells.  This indicates increased performance in 

maintaining maximum power with MMC gridlines in the event of microcracks in the PV 

device.  

 

 

Figure 3.8 EL images and LIV curves before and after cracking of four control cells 
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Equivalent Circuit Analysis 

 Each of the LIV curves were fit to the single diode equation (Eq. 3-1) to extract the 

performance parameters I0, IL, n, Rs, and Rsh and compare values of control and MMC cells 

before and after introducing cracks.  The fits were done in MATLAB using a nonlinear 

least squares solver function (lsqnonlin).  The average and standard deviation of the 

output fit values for each parameter are shown in Figure 3.10.  The averages were taken 

for the four cells in each data set; control pre-crack, control post-crack, MMC pre crack, 

and MMC post crack.   

Figure 3.9 EL images and LIV curves of cells with MMC integrated metallization 
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The saturation current I0 is sensitive to recombination effects and is indicative of 

material quality.  The value can be thought of as a leakage current, therefore a smaller value 

is desired.  Even if current is maintained throughout the gridlines, any cracking will 

inevitably cause defects and cause an increase in saturation current.  This is the case for 

both the control and MMC cells.  All cells in the test have a pre-crack saturation current on 

the order of magnitude of 10-12, the MMC value is slightly higher.  However, ΔI0 from pre-

crack to post-crack is smaller for the MMC cell compared to the control cell, indicating 

less current leakage after cracking within the MMC cell.   

The light current IL, which is equivalent to the short circuit current Isc, is the most 

current that can be generated and collected by the cell.  When gridlines are fractured to the 

Figure 3.10 Average and standard deviation of LIV performance parameters for control 

and MMC cells before and after cracking 



51 

 

point of no longer being able to carry current, IL of the cell is reduced.  On average there is 

a 31% reduction in IL after cracking for the control cells.  The cells with MMC gridlines 

show a 1% reduction after cracking, indicating that current is being maintained across 

cracks.   

The ideality factor n is an indicator of how closely the single-diode equation follows 

the ideal diode equation and is an indicator for types and severity of recombination effects.  

The control and MMC cells have similar ideality factor values before cracking.  The Δn 

value is greater for the control samples, again indicating a smaller performance loss for 

cells with the MMC gridlines, showing fewer recombination losses after cracking. 

Like saturation current, shunt resistance Rsh is impacted by material defects and 

leakage current.  A large value of shunt resistance is desired for optimal device 

performance.  In the PV cell equivalent circuit (Figure 3.3) it can be seen that a large shunt 

resistance would indicate a smaller leakage current.  The values for the control and MMC 

cell’s shunt resistance are similar both before and after cracking.  It is likely that any 

presence of cracking would cause a large drop in shunt resistance due to the large amounts 

of defects introduced.  Series resistance arise largely from contact resistances from the 

multiple layers of the PV cell, and a small value is desirable.  The ΔRs from pre-crack to 

post-crack in the MMC cells is half that of the control cell.  For all five single-diode 

equation parameters, the MMC cells performed better than the control cells after cracks 

were introduced in this dataset.    
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3.4 Conclusion 

 

The metal matrix composite (MMC) was integrated onto existing triple-junction (TJ) 

solar cells and tested using solar simulation before and after introducing cracks.  The 

control solar cells with no MMC integration showed large degradation in all PV 

performance parameters after cracking, most notably an average decrease of 31% in short 

circuit current density.   Cells with MMC integration maintained short circuit current 

density indicating a stable electrical connection across gridlines after cracking. 

An analytical analysis of the LIV curves for control and MMC cells before and after 

cracking using the single-diode equation for PV cells was done.  The introduced cracks 

were random in severity and location which could have led to a wide range of performance 

parameters extracted from the single diode fit.  However, the analytical analysis does show 

a smaller delta for the cells with MMC integrated gridlines after cracking for all five 

performance parameters (I0, IL, n, Rs, Rsh) showed.  That in combination with the fact that 

cracked MMC cells were able to maintain short circuit current density indicate, at least 

qualitatively, the potential for CNTs within traditional metal PV gridlines to provide 

electrical redundancy and a more resilient solar cell.   
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CHAPTER 4: MMC FABRICATION & MECHANICAL 

CHARACTERIZATION 

4.1 Nanoindentation: Sample Preparation and Results 

MMC Sample Preparation for Nanoindentation Testing 

 Metal matrix composites with a layer-by-layer (Ag/CNT/Ag) structure were 

fabricated on top of a GaAs substrate for nanoindentation testing.  First, a thin seeding 

layer of silver was applied to the GaAs substrate using e-beam metal evaporation.  Next 

silver was electroplated onto the seeding layer.  The baseline set of samples were two layers 

of electroplated silver, with no carbon nanotube (CNT) incorporation.  To explore the 

impact of electroplating current density, a range of baseline samples were fabricated with 

a current density ranging from 1.5 – 5.0 mA/cm2.  Dendritic silver growth was observed 

for films plated with current densities over 5 mA/cm2 [75].  In the 1.5 – 5.0 mA/cm2 range, 

lower current densities led to porous films while the higher current densities provided a 

denser film seen in the SEM images of Figure 4.1.  
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 At this stage of this work, carbon nanotube spray coating was not yet the standard for 

MMC fabrication in our research group.  Therefore, CNTs were deposited using two 

methods, 1) drop casting and 2) nano spreading.  In the drop casting method, an aqueous 

solution of CNTs with a concentration of 1.3g/L are pipetted onto the sample on a heated 

substrate.  The solution evaporates leaving behind the CNTs.  The nano spreading 

technique is similar, with the added step of dragging a thin Teflon blade at an angle of 23° 

with respect to the substrate to distribute the solution more evenly.  The blade is attached 

to a linear stepper motor and drags the meniscus of a droplet of the CNT solution at a 

constant velocity in the range of 15 µm/s. [125]  The same CNT concentration of 1.3g/L 

was used for nano spreading.  The drop casting method is very simple and fast but allows 

agglomerations to form while the solution evaporates leaving a non-uniform CNT 

Figure 4.1 Scanning electron microscope images for baseline Ag film with varying 

cathode current density. 
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distribution.  The nano spreader technique provided a more homogeneous distribution of 

CNTs, but with the small blade velocity was very time consuming.  

 After the CNTs are deposited and the solution has evaporated, a second layer of silver 

is electroplated.  Each silver layer is approximately 3.5 µm, for a total sample thickness of 

7 µm.  The CNT layer is of negligible thickness compared to the silver layers.  The 

specimen structure is shown in Figure 4.2.   

Nanoindentation – Test Parameters 

 For most samples, 20 indentations were made in different locations.  The indentations 

were spaced 75 µm in both the x and y directions.  The indentations ramped up from a 

maximum depth of 300 nm to 1800 nm with a 60 second dwell time at the maximum load.  

The loading and unloading rate was the same at 1 mN/s.  The indenter was a Berkovich 

(triangular) tip with a shape factor of 1.034.     

 The unloading curve fit provided the hardness (H) and reduced modulus (Er) 

mechanical properties of the MMC, calculated as follows: 

𝑯 =
𝑷𝒎𝒂𝒙

𝑨𝒔
⁄   (Eq. 4-1) 

Figure 4.2 Specimen structure for nanoindentation testing.  Baseline Ag thickness is 7 µm, 

MMC layer-by-layer structure contains two layers of 3.5 µm thick Ag with a CNT layer of 

negligible thickness. 
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𝑬𝒓 = √𝝅𝑺
𝜷𝟐√𝑨𝒔

⁄   (Eq. 4-2) 

Hardness is calculated using the ratio of maximum load (Pmax) and contact surface area of 

the tip (As).  The reduced modulus is calculated using the stiffness (S) which is the slope of 

the unloading curve.  The nanoindentation software does an automatic fitting of the 

unloading curve slope between 30% and 100% of the maximum load.  The reduced 

modulus calculation is also a function of the indenter shape factor (β), and the square root 

of the contact surface area of the tip (As).   

Figure 4.3 Nanoindentation data of baseline silver and MMC with two deposition 

methods for CNTs, dropcast and nanospread. 
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Nanoindentation – Results 

 Hardness and reduced modulus for the baseline silver samples are shown in Figure 

4.3 ( ) as a function of penetration depth.  Each curve is for an individual sample with a 

unique current density, each data point is a single indentation at the given penetration 

depth.  Each curve shows a decrease in hardness with increasing depth into the surface.  

This is a trend that is common in crystalline materials under nanoindentation testing and is 

attributed to the indentation size effect (ISE) [126–129].  It is possible that this trend is due 

to artifacts at the lower indentation depths.  Several authors find that the contact area could 

be miscalculated due to pileup or sink in or due to blunting of the tip [93, 127, 130, 131].  

A new indentation tip was used for these experiments with proper calibration to minimize 

the effects of tip blunting.  Pileup is common in soft materials [132] and could be a factor 

for electroplated silver.  According to finite element modeling on the impact of pileup, 

materials that have a ratio of the final penetration depth (hf) to maximum penetration depth 

(hmax) of less than 0.7, pileup does not cause significant deviation in results [93].  For the 

results presented here, the hf/hmax ratio was 0.55 on average.  It is also possible that this 

trend is not due to measurement errors and is a true material behavior.  The largely accepted 

physical explanation of ISE was first presented by Nix and Gao (1998).  Their model was 

based on geometrically necessary dislocations (GND) that are generated in the specimen 

near the indenter to accommodate the load imposed by the indenter tip [126].  These are in 

addition to the typically present dislocations referred to as statistically stored dislocations 

(SSD).  These supplementary dislocations provide another hardening mechanism that is 

more prevalent at lower indentation depths.  This explanation seems most likely to describe 

the hardness and indentation depth relationship present in our samples.   
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The average and standard deviation for baseline silver hardness and reduced elastic 

modulus are shown in Figure 4.4 as a function of current density.  The MMCs were 

fabricated with a single current density, but the averages of each CNT deposition method 

are also shown for comparison.  The baseline silver shows a gradual increase in the average 

hardness and elastic modulus with increased current density.  This could be explained by 

the phenomenon of hydrogen embrittlement during electrodeposition [71].  Hydrogen is 

easily adsorbed into the metal deposit.  The hydrogen molecules can interfere with metal 

deformation within the metal lattice or even accumulate in voids and create pressures 

higher than the metal’s strength.  Electroplated films in the reported current density range 

were annealed at 380°C for 5 minutes to outgas hydrogen and leave voids in the metal 

structure.  SEM of the resulting cross sections show more voids present at lower current 

density (2-3 mA/cm2) compared to the higher current densities up to 5 mA/cm2.  This is 

evidence that higher hydrogen incorporation at lower current densities has a negative 

impact on the hardness and reduced elastic modulus.  In a separate experiment prior to 

Figure 4.4 Average hardness and reduced elastic modulus for two MMC datasets and Ag 

as function of electroplating current density. 
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nanoindentation testing, the samples that gave the most reflective surface were 

electroplated with a current density of 3 mA/cm2. A shiny, reflective silver surface is 

indicative of a higher quality electroplated film with low surface roughness [133], therefore 

the MMC samples fabricated for nanoindentation used a current density of 3 mA/cm2. 

 The hardness and reduced modulus curves as a function of penetration depth for the 

MMC samples are shown in Figure 4.3 (,⚫).  The decrease in mechanical properties as 

penetration depth increases also occurs for the MMC samples.  The averages of both the 

dropcast and nanospread MMCs are plotted with the baseline silver averages in Figure 4.4 

for comparison.  The nano-spread deposition method seems to perform better than the drop 

cast samples, likely due to a more uniform distribution of CNTs obtain using the 

nanospreader. 

Summary of Nanoindentation for MMC Mechanical Characterization 

 The data provided by nanoindentation gave some initial insight into how CNTs could 

enhance mechanical properties of silver films.  It also gave evidence as to the importance 

of CNT dispersion.  There are a few drawbacks for mechanical testing of a composite using 

nanoindentation.  The highly localized nature of the measurements makes it difficult to 

understand how the entire composite behaves.  A more representative mechanical response 

of the composite may be obtained using a spherical indenter tip opposed to Berkovich.   

With the Berkovich tip, it’s possible that indentations could be made in regions of no 

carbon nanotube coverage due to the small indenter tip size.  The sensitivity of the 

instrument made it analytically challenging to differentiate an experimental artifact from 

an instrumental error such as tip blunting, calibration error, surface roughness, or substrate 

effects.  The CNT layer is extremely thin compared to the silver layer and outside of the 
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penetration depth, making it difficult to accurately capture CNT effects by a surface 

measurement technique.  To obtain mechanical properties of the composite in tension with 

no substrate effects, a method of fabricating free-standing MMC films was explored.    
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4.2  Free-standing MMC Film Fabrication 

  Free-standing metal matrix composites (MMCs) were fabricated as a layer-by-layer 

structure with spray coated carbon nanotubes (CNTs) sandwiched between two layers of 

silver for mechanical testing, with no substrate effects, as a function of carbon nanotube 

content. A 3-D printed dog-bone shadow mask formed the shape of the composite structure, 

and focused stress in the center during tension testing.  The dimensions of the dog-bone 

are based on work by N.D. Cox, et. Al [34].  The dog-bone structure is 28 mm long, with 

a 5mm x 5mm paddle at each end. The center of the structure is 2-mm wide and 6-mm 

long. There is a taper from each paddle to the center with a radius of curvature of 12.75 

mm over a length of 6 mm.  The dog-bone drawing was created using Autodesk Inventor 

computer-aided design software.  The file was then printed using the Ultimaker Original+ 

3D printer using a PLA filament.  Each silver layer has a thickness of 2 μm.  Silver layers 

are deposited using electron beam evaporation at a pressure of 2(10-6) Torr with an 

evaporation rate of 2.5 Å s-1.  Glass slides were used as deposition substrates for the MMC 

with the dog-bone mask adhered to each slide using double-sided adhesive tape. The low 

Figure 4.5 Free-standing composite fabrication steps.  Dog bone mask is attached to glass 

slide.  First Ag layer is evaporated, followed by CNT spray deposition and final Ag layer. 
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adhesion between glass and silver allows the composite to be peeled away from the 

substrate easily and measured as a free-standing film.  Once the dog bone mask is carefully 

removed from the glass substrate, the MMC film is gently removed starting at each paddle. 

Carbon Nanotube Spray Coating 

 Initial carbon nanotube spray coating was done with a low-cost option, a gravity feed 

high volume, low pressure (HVLP) industrial paint sprayer.  Contrary to its name, it 

operates at a high pressure (around 30 GPa) from the perspective of CNT deposition 

applications.  The drawback of this cost-effective option was the lack of control of flow 

rate and droplet size.  These limitations led to large agglomerations and non-uniformity of 

the CNT distribution.  Eventually a laboratory quality ultrasonic nozzle replaced the HVLP 

paint sprayer.  The ultrasonic nozzle is powered by an ultrasonic generator and the solution 

is atomized by ultrasonic vibrations at the nozzle tip created by sound waves from the 

generator.  The ultrasonic nozzle provided a more even distribution of the CNT solution 

with a predictable flow rate and smaller agglomerations.  Even with improvements in the 

CNT spray coating equipment, CNT agglomerations proved to be an ever-present obstacle.   

 Three free-standing MMC film datasets were fabricated using spray coated CNTs for 

mechanical characterization using dynamic mechanical analysis (DMA) tension testing.  

Dataset 1 was fabricated using the HVLP paint sprayer.  Datasets 2 and 3 were fabricated 

using the ultrasonic nozzle, but with varying spray coating parameters and CNTs. Table 4-

1 summarizes the spray parameters of each dataset.  
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Table 4-1: CNT spray coating parameters for each dataset. 

Fabrication Parameters of Dataset 1 

 CNT depositions of Dataset 1 with the HVLP paint sprayer were done inside a fume 

hood at room temperature with the paint sprayer attached to a clamp stand.  The distance 

from the nozzle of the sprayer to the sample was 12 inches.  The sample was placed on a 

stationary, non-heated stage.  The CNTs were in a solution of chloroform (CHCl3) with a 

concentration of 0.1 g/L.  The solution was mixed then sonicated for 90 minutes.  
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Chloroform was chosen for its low room temperature viscosity (0.56 mPa•s) and surface 

tension (27.1 dyn/cm) compared to water (0.89 mPa•s and 72.0 dyn/cm respectively) [134, 

135].  Lower viscosity and surface tension lead to a smaller droplet size for spray coating 

applications [136], which is thought to reduce CNT agglomerations and enhance 

uniformity.  The CNTs were low-cost, reduced purity to create an inexpensive MMC 

fabrication process.  Dry multi-walled CNTs were bought directly from CheapTubes.com.  

These CNTs were grown using catalytic chemical vapor deposition, with a purity of at least 

95% and ash content of 1.5%.  They came pre-functionalized with a COOH (1.8%) 

functionalization to enhance adhesion to silver.  Their diameters range from 3 – 5 nm with 

pre-spray lengths of 10 -20 µm.  Based on SEM images of the CNTs after being spray 

coated with the HVLP paint sprayer, the lengths were reduced to approximately 2.5 µm.  

This is likely due to sonication of the CHCl3/CNT solution.  The flow rate of the HVLP 

sprayer could be altered but not with precise control.  The flow valve was locked in a single 

position for each CNT deposition.  

Fabrication Parameters of Dataset 2 

 The ultrasonic nozzle is a Sonaer Narrow Spray 130kHz ultrasonic atomizer nozzle 

with a Sonaer PinPoint Spray Shaper attachment and powered by the SONOZAP 

Ultrasonic Atomizer generator. The atomizer is mounted on a stepper motor to allow for 

linear translation over the sample stage with a set nozzle speed.  The atomizer’s liquid 

supply is controlled using a syringe pump. The atomizer also has a gas inlet for compressed 

air with a pressure of roughly 5 psi.  Samples are placed on a heated stage (~110 °C) to 

accelerate evaporation of the solvent.  Surface coverage of the CNT layer is varied by the 

number of atomizer translation cycles over the sample.  The CNT concentration varies for 
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each of the two datasets deposited with the ultrasonic atomizer.  Chloroform could not be 

used with the ultrasonic nozzle syringe pump tubing, therefore either DI water or ethanol 

was used as a solvent. Carbon nanotubes used with ultrasonic deposition were provided by 

Molecular Rebar.  These CNTs are premixed with a predetermined solvent at a high 

concentration by the manufacturer for transport and are diluted in the lab to the desired 

concentration. 

 In Dataset 2, the nozzle to sample distance was 3.5 inches.  The nozzle was placed 

at this distance from the sample to decrease losses from ambient effects.  To reduce 

agglomerations of CNTs, the CNT concentration and flow rate were 0.007 g/L and 0.3 

mL/min respectively.  Multi-walled carbon nanotubes are provided by Molecular Rebar as 

a mixture of 3.84 wt% short CNTs in DI water with an average length of 900 nm and a 

diameter of 13 nm.  The nozzle speed was set to 1250 mm/min (1.31 in/s).  The frequency 

generator operated at a power of 40% (1.5 W). 

Fabrication Parameters of Dataset 3 

 Long single walled CNTs were used in Dataset 3 again provided by Molecular 

Rebar.  They arrived as a 0.4% concentration in ethanol/EGBEA (ethylene glycol butyl 

ether acetate) and were further diluted to a concentration of 0.005% in ethanol.  The long 

single walled CNTs had a diameter range of 1.5 – 2 nm and a length of 2 – 10 µm.  The 

nozzle height, flow rate, power, and nozzle speed remained the same as Dataset 2. 
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4.3  CNT Quantification: Scanning Electron Microscopy and Image 

Analysis 

 During CNT spray coating, a sacrificial sample is coated along with the dog-bone 

structures for carbon nanotube content quantification.  Scanning electron microscopy 

(SEM) is performed on the sacrificial samples to image and extract the CNT surface 

coverage without causing any damage to the MMC films to be mechanically tested. SEM 

is taken of the top view of the CNT layer and machine-learning driven image analysis is 

done to determine the CNT surface area coverage.   

 Image analysis is done using the FIJI (ImageJ) plugin “Trainable Weka 

Segmentation” trainer [137].  To train the machine learning model, the user manually 

selects and labels a few regions for each desired class, in this case a CNT class and a silver 

class.  A machine learning algorithm then classifies the remainder of the image into one of 

the two classes.  The final image can then be converted into a binary image of two grayscale 

values.  The CNT surface coverage is then calculated as the ratio between the number of 

pixels from the CNT class and the total number of pixels.  This process is shown in Figure 

4.6. 

Figure 4.6 Image analysis process for CNT surface coverage area determination.  A) 

Original SEM image  B) Classified image based on user selected regions (solid areas)  

C) Binary image used for CNT coverage area calculation. 
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 SEM is done using a “JEOL JSM-IT200 InTouchScope”.  The accelerating voltage 

was typically 15 – 20 kV with a photocurrent of 50% the maximum.  Seven images of 

identical magnification from the sacrificial samples are captured.  The magnifications 

varied slightly for each dataset but were typically around x3000 – x4000.  The lowest and 

highest percentages were removed and the remaining five were averaged. 

 For the HVLP paint sprayer (Dataset 1), the CNT content was varied by depositing 

for variable amounts of time.  The HVLP paint sprayer did not produce repeatable CNT 

content for the same deposition times.  This was due to subtle fluctuations in flow rate, 

even with the flow valve lock in place.  The deposition time could also vary by a few 

seconds due to operator error of starting the timer and simultaneously beginning the 

deposition.  However, the spray spot size of the HVLP sprayer was large enough to coat 

three dog bone samples at one time.  The 3D printed masks were the same width as a glass 

slide and included three dog bone openings.  Therefore, three samples with theoretically 

setup-invariant CNT content could be fabricated.  

 For the samples deposited with the ultrasonic nozzle (Datasets 2 and 3), the 

controllable flowrate and translating nozzle allowed for a nearly repeatable CNT surface 

coverage using the same number of translation cycles.  For ultrasonic deposition, dog bone 

samples were reduced to 1/3 the width of a glass slide.  The combination of the small nozzle 

opening, reduced nozzle-to-sample distance, and the nature of linear translation provided 

a spray spot size the width of only one dog bone specimen.  The width of the heated stage 

limited the number of samples that could be spray coated in one session to three.  The 

number of nozzle translation cycles determined the CNT content per deposition session.  

Two sessions of deposition were done per number of translation cycles for a total of six 
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samples with the same number of spray coat cycles.  At least one sacrificial sample was 

coated with each set, with the assumption that CNT coverage would be nearly identical for 

the entire set.  Both sacrificial samples were imaged and analyzed as described above.   

4.4 Tension Testing with Dynamic Mechanical Analysis 

The mechanical properties for the CNT/Ag composites in free-standing 

configuration are obtained via tension testing using Dynamic Mechanical Analysis (DMA) 

with a TA Instruments DMA Q800. Samples are mounted to the instrument tension clamps 

with a torque of 3.5 inch-lb. The top clamp is fixed while the bottom clamp applies a strain 

rate of 0.05% per minute until the composite reaches failure. The innate design of the dog-

bone structure enables an optimum failure point in the center of the loading direction due 

to the tapered shape of the deposited film. Mechanical testing is also done for pure silver 

films to be used as a baseline for composite comparison.  The pure silver mechanical data 

is additionally used as material input data for finite element modeling of the composite. 

Stress-strain curves are produced via DMA testing for each dog-bone specimen.  

Each CNT surface coverage has a sample set of 3 - 6 data points depending on the 

deposition setup.  Four mechanical properties are extracted from each experimental stress-

strain curve then averaged as a function of CNT surface coverage: elastic modulus, 

modulus of toughness, fracture strain, and ultimate tensile stress (UTS).  Elastic modulus 

is calculated as the slope of initial linear region of the stress-strain curve, modulus of 

toughness is the area under the curve, fracture strain is the maximum strain value 

corresponding to sample failure, and UTS is the maximum stress value. 
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 The elastic modulus is indicative of the material’s stiffness and the ultimate tensile 

stress of the material’s strength.  Both properties are thought to increase with CNT 

incorporation compared to pure silver properties due to the large strength and stiffness of 

carbon nanotubes.  In the mechanisms of load transfer from matrix to CNT,  the elongation 

or fracture strain has been shown to decrease with CNT incorporation [29, 138] as the 

CNTs increase the material strength.  However, in other layer-by-layer metal matrix 

composites, the fracture strain has increased with increased CNT loading [34].  This study 

also showed an increase in toughness with CNT content.  However, at a certain CNT 

loading mechanical properties typically tend to drop off [34, 52–56].  This is typically 

attributed to agglomerations or the increase of weaker van der Waal interactions from the 

CNT side walls.   

 

Figure 4.7 Dataset 1: Stress-Strain curves from tension testing 
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Analysis of Dataset 1 

The stress strain curves of Dataset 1 MMC thin films for 25%, 55%, 62%, and 77% 

surface area coverage of carbon nanotubes are shown in Figure 4.7.  This set was spray 

coated with the high pressure HVLP paint gun.  The CNT initial length was 10 -20 µm and 

reduced to approximately 2.5 µm during sonication. The CNTS were mixed into CHCl3 for 

spray coating and sonicated for 90 minutes.  For each of these surface coverages, three 

free-standing films were tested.  Other surface coverages were fabricated for this dataset, 

but two of the three films either broke during mounting or broke near the paddles.  This 

was also the case for the silver baseline samples, so only one stress-strain curve is 

presented.  It is shown for comparison to the MMC samples but is less statistically relevant.   

Figure 4.8 Dataset 1: Mechanical parameters as a function of CNT surface coverage 
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The four extracted mechanical properties for Dataset 1 are shown in Figure 4.8.  

The elastic modulus is improved for all composites compared to the pure silver specimen, 

indicating increased stiffness from CNT incorporation.  Fracture strain, toughness, and 

ultimate tensile stress (UTS) all have decreased properties compared to baseline silver.  

The modulus of toughness usually follows the same trend as the fracture strain since it is 

calculated as the area under the stress strain curve and fracture strain has more variability 

across specimens compared to the upper stress limits.  The 55% and 62% surface coverages 

appear to have the superior properties off all the MMCs in Dataset 1.  However, it is 

difficult to make any confident conclusions with this limited dataset.   

The microstructure of these composites can be seen in Figures 4.9 and 4.10. At high 

magnifications under SEM (Fig 4.7), the CNTs appear to be well dispersed and evenly 

Figure 4.9 Dataset 1: Top view SEM images of CNT layer for varying surface coverage  
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distributed.  However, lower magnification images (Fig 4.8) show large agglomerations on 

the surface with average diameters of 11 µm.  The large agglomerations are likely the cause 

for reduced strength and potentially early fracture.  Agglomerations prevent load transfer 

from CNT to matrix with the large concentration of CNT-CNT weak van der Waal 

interactions.  Agglomerations can also act as crack initiation sites, and lead to a premature 

composite fracture as cracks near agglomerations propagate.  Figure 4.10 illustrates how 

the agglomeration density increases at higher CNT loading, further weakening the 

composite.   

From this data, there is evidence that the addition of CNTs for 55 – 62% surface 

coverage has an improved mechanical response compared to the lowest (25%) and highest 

(77%) coverages.  The properties show the trends present in other CNT composite studies 

from literature showing an increase in strength with increasing CNT concentration until a 

decrease at larger surface coverage related to accumulation of agglomerates and increased 

CNT- CNT van der Waal interactions.  There may be some enhanced stiffness from the 

areas of dispersed carbon nanotubes, but it seems the agglomerations reduce the strength 

and potentially cause early fracture compared to the baseline silver.  This dataset provided 

Figure 4.10 Dataset 1: Agglomerations in 27% and 77% CNT surface coverage samples.  

Agglomerations have an average diameter of 11 µm. 
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some promising initial indication that there may be an ideal CNT surface coverage for 

optimizing the MMC mechanical properties.  

Analysis of Dataset 2 

 For Dataset 2, CNTs were coated using an ultrasonic atomizer nozzle.  The CNTs 

were short (0.9 um) and multiwalled.  Polymer wrapping (polyvinyl butyrate) was used for 

enhanced CNT dispersion in DI water for spray coating.  Figure 4.11 shows a collection of 

one representative stress-strain curve from each CNT surface coverage sample set.  All 

MMC stress-strain curves show higher ductility compared to the baseline curve. Figure 

4.12 shows the average and standard deviation of each of the four extracted mechanical 

properties as a function of CNT loading.  The elastic modulus, or stiffness, does not show 

a definite trend as a function of CNT loading.  However, all MMCs have a lower elastic 

modulus compared to the baseline silver.  This is likely due to the non-ideal adhesion 

between CNT and silver, or agglomeration sites within the CNT layer causing nanotube 

Figure 4.11 Dataset 2: Representative stress-strain curve from each 

CNT surface coverage sample set 
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slip and reducing stiffness.  Figure 4.14 shows SEM images at low magnification for two 

samples within this dataset.  Some agglomerations exist with average diameter of 1 µm.  

This is greatly reduced from Dataset 1 agglomeration size of ~11 µm.  The density of 

agglomerations in this set are also reduced.  The reduction in agglomerations is like due to 

the reduced CNT concentration and lower, controlled flow rate of the ultrasonic nozzle 

setup.  This setup also used a heated stage for rapid evaporation of the solvent.   

 

Figure 4.12 Dataset 2: Mechanical properties as a function of CNT loading 
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Figure 4.13 Dataset 2: Top view SEM images of CNT layer for varying surface 

coverage 
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The MMC values for toughness, UTS, and fracture strain are all greater than 

baseline silver.  Toughness increases over 6-fold, UTS increases by a factor of 0.3, and 

fracture strain increases nearly 4-fold from baseline to their respective peak values.  These 

three properties also show a subtle rise-and-fall trend with the peak being between 35% 

and 41% CNT surface coverage.  The increased fracture strain and toughness of the 

composites suggest a more ductile material with an increased strain energy density with 

the inclusion of CNTs.  The larger ultimate tensile strength (UTS) from baseline to 

composite, suggests there is load transfer from the silver to the CNTs leading to a MMC 

that can tolerate a larger tensile force than pure silver. 

For toughness, UTS, and fracture strain the experimental values rise from baseline 

to 35-41% CNT surface coverage, then drop off.  It is possible that the top layer of silver 

intercalating the CNT layer and meeting with the bottom silver layer has an impact on the 

composite’s mechanical properties.  As the CNT surface coverage increases and the silver 

intercalation (opening) decreases, the CNT network begins to weaken due to the CNT-

CNT van der Waals bonding being the dominant adhesion force.  As the CNT surface 

Figure 4.14 Dataset 2: Agglomerations in 41% and 71% CNT surface coverage samples.  

Agglomerations have an average diameter of 1 µm. 
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coverage increases, so does the number of inevitable CNT agglomerations sites that also 

lead to weak spots within the CNT network.  Figure 4.13 provides a visualization of how 

the silver openings gradually reduce with CNT coverage as a dense carbon nanotube layer 

forms.  It is also worth noting the formation of CNT mounds for coverages above 55%.  

These mounds likely contribute to the decrease of values seen in the UTS, toughness and 

fracture strain for coverages 71% - 94%.   

Analysis of Dataset 3 

 The carbon nanotubes in Dataset 3 are long, single walled nanotubes deposited via 

ultrasonic atomization.  The stress-strain curves are shown in Figure 4.15 and average 

mechanical properties in Figure 4.16.  For composite samples, each CNT loading had at 

least three samples tested and two for silver.  For this set, the composites show larger 

stiffness, but decreased strength, toughness, and fracture strain compared to the baseline 

silver.  This is a similar trend to Dataset 1.  The composites with 16%, 42%, and 71% have 

Figure 4.15 Dataset 3: Stress-strain curves from tension testing 
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similar mechanical responses.  The 16% surface coverage composite shows a higher UTS 

compared to other composites.  The composite with nearly full coverage in the CNT layer 

(98%) shows the largest reduction in mechanical properties.  Again, this can be contributed 

to the increased CNT-CNT interactions at higher coverages with little silver intercalation.   

  

 

 

 

Figure 4.16 Dataset 3: Mechanical parameters as a function of CNT surface coverage 
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The CNTs used for this dataset are much longer than the other sets with an average 

length of 6 µm compared to 2.5 µm and 0.9 µm for the other sets.  They are also single 

walled compared to the multiwalled CNTs used in Datasets 1 and 2.  Figure 4.17 shows 

the general microstructure and CNT coverages of this dataset.  The CNTs are well 

dispersed with very few agglomerations.  Typically, short CNTs disperse better than long, 

here the dispersion is attributed to the EGBEA solvent.  There are coffee rings that remain 

after spray coating from residual ethanol/EGBEA solvent.  The width of the coffee ring 

appears to grow from 16% to 42% coverage then stabilizes for the remaining coverages. 

 

Figure 4.17 Dataset 3: Topvew of CNT layer for varying surface coverages 
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Comparison of All Sets 

Figure 4.19 shows the four extracted material properties for each set in the same 

plots.  To maintain an equivalent silver microstructure comparison of MMCs to Ag 

baseline samples, a set of baseline samples were metal evaporated alongside the MMCs for 

each dataset using the same evaporation rate.  As seen from the comparison of the three 

datasets in Figure 4.19, there is variation in silver properties from set to set.  This may be 

explained by instrumental variations in the metal evaporation processes from set to set.  

Due to the variations in chamber conditions, the relative comparison within each dataset is 

appropriate, but process dependencies should be considered for absolute comparison 

between sets.  The elastic modulus shows similar values across all datasets.  Dataset 2 

shows the largest toughness, fracture strain, and UTS for most CNT loading values.  It 

appears that the short MWCNTs with smaller, fewer agglomeration perform the best 

mechanically.  The reduced fracture strains of Datasets 1 and 3 lead to reduced modulus 

Figure 4.18 Dataset 3: Few agglomerations are present, but coffee rings remain 

from ethanol/EGBEA solvent 



81 

 

of toughness.  The agglomerations of Dataset 1 likely create regions of high localized stress 

that are susceptible to fracture at lower strains.  For Dataset 3 it’s possible that the long 

SWCNTs do not actually provide significant reinforcement due to the slip at the CNT-CNT 

and CNT-Ag interfaces, leading to a weaker composite.   

 The combination of these datasets show that agglomerations within the composite 

most strongly impact fracture strain, which propagates into the modulus of toughness 

calculations.  This can be visualized in Figure 4.20, which shows the averaged composite 

mechanical properties of each dataset, where Dataset 1 with large agglomerations has the 

lowest values.  The long CNTs (Dataset 3) also have reduced facture strain compared to 

the short CNTs.  Dataset 2 shows the largest UTS.  It’s possible this enhancement could 

Figure 4.19 Comparison of all dataset’s mechanical properties 
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be due grain refinement of the top silver layer due to CNT grain pinning of the short 

nanotubes.  The elastic modulus is the parameter that has the most uncertainty based on the 

acquisition method.  It is calculated as the slope of the stress-strain curve up to the yielding 

point.  However, it is not always clear where the yield point is.  Therefore, the values 

acquired could vary based on what portion of the slope is used for calculation.  For this 

reason it’s difficult to make any assumptions about the impact of CNT microstructure and 

content on the elastic modulus.  Overall, it seems short carbon nanotubes with a center 

layer surface coverage around 35 – 41% provide the best mechanical response for this 

layer-by-layer composite structure. 

  

Figure 4.20 MMC mechanical properties averaged for each dataset and compared 

to respective baseline.  Dataset 2 with the short CNTs and 1 µm agglomerations 

perform best with respect to Ag baseline.   
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4.5 Conclusions 

 This chapter has been focused on the fabrication and mechanical characterization of 

silver-carbon nanotube composites to determine if there is an optimal CNT loading or 

microstructure to yield the most advantageous composite mechanical response.  Initially 

nanoindentation was explored using electroplated silver and dropcast/nanospread carbon 

nanotubes.  Testing of silver grown at different electrodeposited cathode current densities 

showed current densities of 4 -5 mA/cm2 to provide increased hardness and reduced elastic 

modulus compared to the lower current densities.  The values of reduced elastic modulus 

of silver measured by nanoindentation were less than the silver elastic modulus measured 

by tension testing.  This is likely due to differences is silver microstructure from differing 

growth methods.  Electrochemical deposition tends to make more porous films compared 

to electron beam evaporation.  Nanoindentation showed initial promise of mechanical 

enhancement using CNTs.  Hardness and reduced modulus showed improvements 

compared to baseline silver for the more evenly distributed CNTs deposited by 

nanospreading.  However, the technique provided localized results at shallow depths.  This 

proved to not be the ideal mechanical testing method for the layer-by-layer structure.  

Therefore, a method of producing free-standing MMC films was utilized to test the 

composite in tension with no substrate effects. 

 The free-standing composites were fabricated with electron beam metal evaporated 

silver.  Carbon nanotubes were deposited using spray coating methods for a more uniform 

distribution.  Three composite datasets were fabricated and tested using DMA tension 

clamps.  Dataset 1 had large agglomerations but overall good dispersion.  Dataset 2 used 

short CNTs with smaller and fewer agglomerations than Dataset 1.  Dataset 3 used long 
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CNTs with good dispersion and very few agglomerations.  Dataset 2 proved to show the 

best mechanical response and improvement compared to baseline silver, indicating short 

CNTs even with some degree of agglomeration can slightly outperform composites with 

larger agglomerations or longer CNTs when compared to the respective baseline.  This 

could be due to grain refinement of the top silver layer due to the short CNTs, decreased 

load transfer of the long CNTs due to van der Waals interaction, or initiation of crack sites 

due to the large agglomerations.  The composites with short CNTs also showed the best 

performance at 35 – 41% surface coverage.  These results show the potential of carbon 

nanotube incorporation to mechanically enhance silver and improve photovoltaic 

metallization longevity. 

 Further processing improvements and testing could be done to the composite to 

further enhance the mechanical properties and our understanding of the impact of CNT 

content and microstructure.  The fabrication of the layer-by-layer structure is a 

straightforward process that could easily be incorporated into PV metallization 

manufacturing processes.  However, having such a negligibly thin layer of CNTs between 

much thicker silver has shown to provide minimal reinforcement.  The more ideal 

composite metallization would have CNTs uniformly dispersed throughout the entire 

structure.  This can be done by incorporating CNTs into a silver paste and screen printing 

the composite as gridlines, something that this research group is continuing to investigate.  

Increasing the sample size of these tension tests would also be valuable for having a more 

statistically relevant dataset. 
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CHAPTER 5: COMPUTATIONAL MODELING OF METAL 

MATRIX COMPOSITE 

5.1  Purpose of Finite Element Analysis 

 After mechanical characterization of the composites, finite element (FE) analysis 

was used to qualitatively explore how the carbon nanotubes (CNTs) behave as a bulk layer 

and how the CNT mechanical properties and content can impact the composite.  The finite 

element software ABAQUS (Version 2017, Dassault Systems Simulia Corp., Johnston, RI, 

USA) was used to extract the possible effective properties of the CNT layer.  As opposed 

to using a complicated and computationally expensive mesh of individual CNTs, an 

effective CNT material was employed for this model.  The extracted properties of the 

effective layer encapsulate microstructure phenomena such as CNT agglomerations and 

CNT/Ag adhesion.  The mesh geometry was further simplified to a symmetric, periodic 

microstructure of CNTs with intercalated silver.   

Figure 5.1 Examples of stress-strain curves with elastic-perfectly 

plastic behavior vs. elastic-plastic behavior 
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Both silver and the CNT layer were given elastic-plastic deformation properties.  

Materials with an elastic-plastic response initially behave elastically when a load is applied 

up to the yield stress.  At the yield stress the material begins to deform plastically 

(permanently).  The stress strain curve of the elastic region is linear, and the slope is the 

elastic modulus.  After the yield point, plastic deformation begins, and the stress begins to 

level off.  If the material is assumed to be perfectly plastic, the stress remains at the yield 

stress value, see Figure 5.1.  In reality there is some degree of strain hardening causing a 

slight increase in stress, this is the elastic-plastic response.   

The mechanical properties of interest for FE are the elastic modulus, yield stress, 

and points of strain hardening within the plastic response of the stress-strain curve.  The 

silver material input properties were taken from experimental tensile test data (Dataset 2) 

of baseline silver samples.  The CNT input properties were used as fitting parameters 

against composite stress-strain curves with equivalent CNT layer surface area coverage of 

experimental tensile tests.  The fit values of the CNT effective layer were explored as a 

function of the CNT surface area coverage. 

Figure 5.2 a) Assumption of periodic silver openings within the CNT layer  b) CNTs are 

assumed to function as an effective layer with layer properties encapsulating 

microstructure effects  c) Model mesh, a representative volume element of the composite 

microstructure, simplified using symmetry assumptions 
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5.2  Model Setup and Parameters 

Model Geometry and Mesh 

 The metal matrix composite (MMC) microstructure is assumed to be a periodic 

distribution of CNTs with silver openings, illustrated in Figure 5.2.  The layer-by-layer 

structure of CNTs sandwiched between two layers of silver provides a horizontal line of 

symmetry, allowing for only half the structure to be modeled in the z-direction.  The 

assumption that the composite is a repeating unit cell of CNTs and silver openings can 

reduce the modeled MMC to a representative volume element (RVE).  Again, due to 

symmetry, the final RVE is a quarter of the repeating unit cell.  The individual CNTs all 

have a random orientation, but the overall distribution is relatively uniform.  Since the CNT 

layer is thin and has less than 100% surface coverage for all MMC films, the silver does 

intercalate through the CNT layer openings during the final silver evaporation.  The 

modeled geometry is a cube with a thick solid silver top layer and a thin CNT bottom layer 

with a square silver opening.  A square-shaped silver opening was chosen as the most 

straightforward option within the CNT layer due to the global cubic geometry.  The RVE 

uses general-purpose, 3D solid (continuum) linear hexahedral, stress/displacement 

elements each containing 8 nodes and 3 translational degrees of freedom.   In the finite 

element analysis, the displacements are calculated at the nodes of the elements.  In the 

hexahedral (brick) elements used in this work, the nodes are located at each corner and the 

displacements at other locations of the element are calculated using a linear interpolation 

between nodes [139].  The model mesh can be seen in Figure 5.2c.  The actual composite 

films are 4 µm thick.  With the horizontal symmetry, the modeling thickness is reduced to 
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2 µm.  The RVE cube dimensions within ABAQUS were set to 2µm x 2µm x 2µm with a 

mesh (node spacing) size of 0.05. 

Model Functionality and Parameters 

 Boundary conditions are used to constrict the symmetry planes that comprise the 

RVE.  The bottom xy-plane, front xz-plane, and left yz-plane as shown in Figure 5.2c are 

all symmetry planes and have a boundary condition of zero displacement in their respective 

normal direction.  All nodes along the right yz-plane are tied to a single node, forcing the 

entire plane to move at the same rate.  A displacement is applied to this single node in the 

direction of the x-axis to mimic tensile loading. The resulting reaction force and 

displacement of this node provide the basis for the stress-strain curve of the modeled 

composite. 

 For modeling purposes, a representative stress-strain curve was selected from each 

set of CNT surface area tensile tests.  The CNT surface coverage within the model was set 

to that of the experimental composite film.  The applied displacement for the model was 

also set to the equivalent experimental fracture strain of the representative composite 

stress-strain curve.  This displacement was applied at a uniform rate up to the experimental 

fracture point.  The incremental displacement can be converted to strain values using the 

ratio of change in length to the initial length in the axial loading (x) direction.  To calculate 

stress, the reaction force at the node where the displacement is applied is used.  Stress is 

then the reaction force divide by the model cross sectional area. 
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5.3  Carbon Nanotube Parameter Extraction 

For composite modeling and effective CNT property extraction, five CNT surface 

coverages are examined: 35%, 41%, 71%, 87%, and 94%.  Of all the composite datasets 

discussed in Chapter 4.4, Dataset 2 provided the best mechanical response, and was 

therefore chosen for finite element analysis.  One representative stress-strain curve was fit 

from each set of CNT surface coverages.  The elastic modulus, yield stress, and strain 

hardening points of the effective CNT layer are used as fitting parameters.  The resulting 

stress-strain curve of the FE model is fit to the composite experimental stress-strain curve.   

The CNT layer of the composite is a layer of CNT regions with silver intercalation.  

The CNTs do not constitute a continuous film, therefore the thickness of the CNT layer is 

unknown and can be treated as another modeling parameter.  When modeling the CNT 

regions as an effective layer, there are also microstructural effects that could expand 

beyond the CNT regions but contribute to the composite mechanics and increase the 

Figure 5.3 Typical stress-strain response and material properties used for FE analysis.  

Elastic modulus (E) is slope of linear region, yield stress (σy) is the onset of plastic 

deformation, and (εsh, σsh) are the strain hardening coordinates 



90 

 

thickness of the CNT effective layer.  For example, the CNTs may cause pinning of the 

surrounding silver matrix therefore the CNT influence extends beyond the physical 

nanotube.  With the assumption that there is a gradient opposed to a well-defined CNT-Ag 

interface, a CNT effective thickness can is also be employed in the FE model, giving some 

insight to potential reinforcement mechanisms of the carbon nanotubes.  To explore these 

options, models of two carbon nanotube equivalent thicknesses were used to examine 

potential effective CNT properties.  To examine possible CNT layer elastic modulus and 

yield stress values, a parametric analysis was done.  First, a parametric study determined 

the value of elastic modulus that most closely fit the composite linear region.  A second 

parametric study provided a yield stress value matching the experimental data.  Lastly, 

strain hardening points were added to the plastic response of the model to correspond with 

the composite experimental data.  Figure 5.3 illustrates these parameters in relation to a 

stress-strain curve. 

Figure 5.4 Inset shows two effective CNT layer thicknesses used in the model.  

Experimental stress-strain curves along with resulting model curves from each thickness. 
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An external code (written in Python) was used to automatically run multiple 

variants of the model only changing the value of CNT elastic modulus for a given range 

with a given increment.  The array of resulting stress strain curves was then analyzed 

against the experimental curve.  The elastic modulus value providing the best fit was kept 

as the effective CNT modulus for the next step of fitting.  Next, the same parametric study 

was carried out for the yield stress.  At this point in the modeling, the effective CNT layer 

is assumed to be elastic-perfectly plastic meaning there is no strain hardening.  Once the 

best fit value of CNT yield stress was identified, a quadratic equation was used to include 

the trend of strain hardening effects in the post-yield region of the stress strain curve.   

The input silver material properties were taken from experimental DMA tension 

tests of pure silver specimens.  The silver was evaporated alongside all the composite 

samples and should have a representative microstructure (grain size and thickness) 

compared to the MMC samples.   A total of three baseline silver samples were measured.  

The average elastic modulus was used as the material input, 45.5 GPa.  The Poisson’s ratio 

of silver was set to 0.37, a well agreed upon value [140].  A representative silver stress-

Figure 5.5 Possible effective CNT elastic modulus and yield stress that provide a good 

fit to experimental data compared to experimental composite data 
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strain curve was used for silver yield stress and plastic behavior, seen in Figure 5.4.  The 

fit for the silver plastic behavior was done the same way described above using a pure 

silver RVE. 

Finite element modeling was done for CNT layer equivalent thickness, 0.4 μm and 

1.3 μm, see Figure 5.4 inset.  These values are relative to the 4 µm composite, due to 

symmetry the modeled CNT thicknesses were halved.  The carbon nanotube thickness of 

0.4 µm was initially used and yielded surprisingly large mechanical values.  The thickness 

was then increased to 1.3 µm under the assumption of CNT pinning increasing the effective 

thickness.  The elastic and plastic properties of the effective CNT region can be 

systematically chosen for each thickness model, to generate the numerical stress-strain 

curves mimicking the experimental results.  The extracted effective CNT elastic modulus 

and yield stress are shown in Figure 5.5.  The experimental MMC and silver baseline data 

are also included for reference.  There is a need to use very high elastic modulus (95 – 110 

GPa) values for the model with a CNT effective thickness of 0.4 µm in the ideal loading 

range of 35-41%, to generate the desired stress-strain response.  Zhan, et. al reported an 

elastic modulus between 55.2 – 58.9 GPa for highly aligned and densely packed CNT films 

[70].  The modulus required to match experimental results is almost twice that of the highly 

aligned and densely packed CNT films.  Due to observed agglomerations and random CNT 

orientation seen in Dataset 2, it is anticipated that the large elastic modulus values are not 

representative of the CNT effective layer.  More reasonable modulus values (23 – 50 GPa) 

are used to achieve a good fit for the 1.3 µm model.   
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5.4  Conclusion 

The experimental data of Dataset 2 indicate mechanical reinforcement of carbon 

nanotubes seen by the increase in yield stress in MMCs compared to baseline silver.  The 

entirety of the mechanical response cannot be explained using the simplified, two-phase 

model presented here.  The actual CNT structure has a more inhomogeneous distribution 

with more complex interfaces between CNT-Ag and CNT-CNT interaction.   

The composite microstructure may be explained as a layer-by-layer structure with 

the center, carbon nanotube containing layer extending beyond the physical CNTs.  The 

short CNTs may be responsible for pinning the silver matrix that directly surround the 

nanotubes, increasing the CNT effective thickness and strengthening the material.  This is 

a phenomenon that has been reported in the literature for short CNTs [44, 48, 49].  These 

results suggest CNT pinning and silver grain refinement due to the CNTs may play a role 

as a reinforcement strengthening mechanism in this composite structure. As with the 

mechanical property analysis from DMA data, more measured samples with greater 

correlation to CNT loading would provide a higher quality fit for the FEA model layers. 
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CONCLUSIONS 

In this work the impact of carbon nanotube (CNT) reinforcement in a silver matrix 

was explored as photovoltaic cell metallization and as a free-standing composite film for 

mechanical analysis. CNT metal matrix composites (MMC) were fabricated in a layer-by-

layer structure with carbon nanotubes sandwiched between two layers of silver metal.  The 

composite integration onto solar cell gridlines demonstrated the ability of carbon nanotubes 

to electrically bridge cracks within the device and maintain electrical conductivity 

compared to standard metal grid lines.  PV cells with composite metallization had at most 

a loss in short circuit current of 1%, compared to the control cells that showed a maximum 

current loss of 55%.  These results established the crack-bridging capabilities of carbon 

nanotubes in a layer-by-layer composite.  To further understand the microstructure of the 

Ag/CNT composite and impact of the carbon nanotubes on the material properties of the 

bulk, composite films were fabricated and tested with nanoindentation and under tension 

as free-standing films.  The stress-strain curves from one tension dataset were fit with a 

finite element numerical model using a representative volume element (RVE) of the 

composite microstructure.  Potential carbon nanotube material properties were used as the 

fitting parameter to investigate how the CNT domain may behave as an effective layer. 

Initial composite mechanical testing was done using nanoindentation.  The results 

suggested that a more uniformly dispersed carbon nanotube layer can yield increased 

hardness and elastic modulus.  To test the MMCs in tension with no substrate effects, free-

standing composite films were fabricated.  Within these films, each silver layer was 2 µm 

with a thin spray coated layer of CNTs in between.   Standard silver solar cell gridlines are 

deposited with a thickness of 4 µm and this dimension was chosen for the free-standing 
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composite film thickness for comparison.  The layer-by-layer structure was fabricated 

using simplified manufacturing techniques such as spray-coating that could be applied to 

preexisting PV fabrication processes.   

The results of tension testing for three datasets having differing CNT geometries 

and degrees of agglomeration indicated an enhanced mechanical response for the 

composite with the shortest (0.9 µm) CNTs (Dataset 2) when compared to the baseline.  

This dataset also contained agglomerations visible under SEM with average diameters of 

1 µm.  Dataset 1 contained large agglomerations (~11 µm) and had the lowest value of 

fracture strain and toughness.  This set showed reduction in most mechanical properties 

compared to the baseline samples.  Prior work indicates that the large agglomerates can 

create crack initiation sites that lead to fracture at lower strain than a uniform metal matrix 

with no reinforcement particle.  Although Dataset 3 had the greatest uniformity in the 

deposited carbon nanotubes and extremely low agglomeration density, DMA results 

exhibited a reduced mechanical response.  A potential cause for this reduction is the longer 

(2 – 20 µm) carbon nanotubes compared to the 0.9 µm tubes in Dataset 1.  The increased 

surface area increases the density of mechanically weaker van der Waals interactions 

between the individual carbon nanotube walls, allowing for pull out of the CNTs under 

tensile loading.   

This objective for tension testing of this composite structure was to understand how 

carbon nanotube content impacted the MMC mechanical response.  Dataset 2 showed an 

ideal loading window of 35 – 41% CNT coverage which agrees with results from the 

literature [52].  For the other MMC sample sets, there is no strong trend in mechanical 

properties as a function of CNT loading.  With a much larger data set, process and analysis 



96 

 

uncertainties can be reduced and effects of the CNT inclusions may be more observable.  

Another possibility for the lack of obvious correlation in CNT surface coverage is that the 

CNT volume fraction of the entire composite is very small relative to the silver matrix.  

The change in surface coverage of the CNT layer within this composite structure only 

slightly increases the volume fraction and the potential contributions of CNT 

reinforcement.  Increasing the CNT content in a single layer within this structure decreases 

the mechanical response by increasing slip at CNT-CNT interfaces.  If a layer-by-layer thin 

film is to be used as PV metallization it is best for the CNT layer to not be continuous.  

This allows for a reinforcement effect of the nanotube by providing more regions of 

Ag/CNT contact and limiting CNT-CNT interactions which are weaker than the individual 

nanotubes.  The dispersed CNTs can also lead to grain refinement of the silver matrix, or 

act as barriers to dislocation motion increasing yield stress of the composite.   

To investigate a more uniformly dispersed MMC, ongoing work by this research 

group is being done to explore another CNT/Ag composite microstructure fabricated by an 

alternative method.  To maintain applicability to PV manufacturing techniques, a common 

form of PV metallization deposition is utilized whereby silver paste is screen printed onto 

the semiconductor substrate and then fired to form a crystalline metal grid line.  Carbon 

nanotubes can be homogeneously dispersed within the silver paste which can then be 

printed and fired with no modification to the traditional process. This allows for a MMC 

microstructure with a volumetrically uniform carbon nanotube distribution as opposed to a 

localized layer in the sandwich structure used in this work.  Initial comparisons of DMA 

results for a fired Ag/CNT paste show stronger correlation with CNT inclusion as 

compared to the film coverage explored in this work [141].  
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