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1 SUMMARY 

Today high-efficiency, thin-film-based 
photovoltaic (PV) cells power space 
vehicles.  Figure 1 shows National 
Aeronautics and Space Administration 
(NASA’s) Mars Atmosphere and Volatile 
Evolution Mission (MAVEN) probe as an 
example, where these cells are mounted on 
solar panels that power the space vehicle.  
Due to the mechanical nature of thin films, 
however, these solar cells are susceptible to 
fracture (also known as micro-cracks or 
cracks) during manufacturing, 
transportation, installation, and operation, 
requiring costly pre-flight replacement and 
potentially compromising the mission 
lifetime.  The electroluminescence images of 

a commercial multijunction (MJ) cell in Figure 1 clearly illustrate how the substrate fracture can 
propagate through metal contacts, electrically isolating fractured regions that no longer generate 
power.  Considering the desired mission lifetime of space vehicles (e.g., >15 years for 
geosynchronous earth orbit operation), the goal of this project was to develop an advanced, 
commercially competitive, metallization scheme for thin-film, MJ solar cells to mitigate the 
adverse impact of substrate and metal fractures.  Our advanced metallization scheme relied on 
electrochemical deposition of silver and incorporation of multiwalled carbon nanotubes into the 
silver matrix to mitigate the negative impact of cracks. 

During the entire project period of 08/04/2014 – 08/03/17, we have (1) developed stable 
surface chemical functionalization methods for multiwalled carbon nanotubes to make them water-
soluble and to enhance their adhesion strength to surrounding metal matrix, (2) integrated metal 
matrix composites onto commercial triple-junction cells, (3)  characterized cell performance to 
demonstrate that metal matrix composites can improve crack-tolerance by maintaining the short 
circuit current >95% and the cell efficiency loss < 19%, whereas standard metallization leads to 
short circuit current loss >50% and the cell efficiency loss >54%, (4) initiated composite modeling 
to establish microstructure-mechanical/electrical property relationship, and (5) initiated circuit 
modeling to extract device parameters (e.g., ideality factor) and required loading (wt%) of carbon 
nanotubes to maximize the cell performance despite fractures.  In addition, we have an issued 
International Patent WO 2016/205722 A1 that originated from this research, and the technology is 
currently licensed to Osazda Energy, LLC. 

Figure 1: Cell fracture and power loss 
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2 INTRODUCTION 

The current trend in both space and terrestrial 
photovoltaics is to implement high-efficiency, thin-film-
based solar cells to reduce weight and materials cost, while 
improving the performance.  For space photovoltaics, MJ 
solar cells have been used almost exclusively due to their 
high efficiency1,2 and high radiation hardness3.  The 
efficiency of state-of-practice triple-junction (TJ) cells used 
in space today is approximately 30% under 1-sun Air Mass 
0 (AM0) spectrum4,5.  Multijunction technology involves 
stacking different bandgap subcells electrically and 
optically in series, connected by tunnel junctions, to 
effectively capture and utilize the solar spectrum2,6.  State-
of-practice TJ cells consist of GaInP2 and (In)GaAs subcells 
grown lattice-matched via metal organic vapor phase 
epitaxy on an active Ge substrate1,7-9.  In recent years, for 

improved performance over the state-of-practice TJ cells, other cell architectures are being 
explored, such as inverted metamorphic multijunction (IMM)10-13 solar cells.  Figure 2 shows a 
schematic view of IMM cell architecture14, where InGaP and InGaAs subcells are sequentially 
grown on a lattice-matched substrate.  After completing the growth, only the stack of active layers 
is exfoliated and transferred to a light-weight handling substrate, where the stack is inverted, such 
that the InGaP layer faces the sun.  This new architecture eliminates the use of Ge substrates as 
well as Ge bottom cell found in traditional TJ solar cells, providing better current matching, higher 
efficiency, and lighter weight.  As the cells become thinner, however, we expect the cell fracture 
to be a greater concern when these thin-film 
cells are subjected to thermomechanical 
stress, such as prolonged temperature 
fluctuations encountered in low earth orbit 
operation.  The mismatch in thermal 
expansion coefficients of semiconductor 
and metal is an inherent engineering 
problem. 

To minimize the detrimental effects 
of severed metal busbars and gridlines on 
solar cell performance, we have explored 
incorporating multiwalled carbon 
nanotubes (MW-CNTs) into silver (Ag), 
forming a metal matrix composite 
(MMC).15,16  We have discovered that with 
proper CNT surface functionalization and 
judiciously designed composite 
microstructure (see Section 4.2), the CNTs in MMC gridlines can electrically bridge gaps greater 

Figure 2: Schematic architecture of 
IMM cell 9 

Figure 3: SEM micrographs of CNTs bridging gaps 16 
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than 40 m.16  The scanning electron micrograph (SEM) images in Figure 3 conceptually 
demonstrate this composite engineering strategy, where the CNTs mechanically and electrically 
bridge the gaps in severed MMC gridlines, providing redundant electrical conduction pathways.  
We note that we are showing only 9-m-wide gaps here because of the practical difficulty of 
transferring fractured samples with large gaps into the SEM vacuum chamber.  In addition to gap-
bridging, we have demonstrated that the MMC gridlines, which are strained to failure by greater 
than 40 m displacement, can “self-heal” to re-establish electrical conduction, when the gap is 
closed.16  This self-healing is proven to be repeatable over many strain-to-failure/closed-gap 
cycles.16  Most importantly, our preliminary device characterization on MMC-enhanced 
commercial TJ cells has shown substantially improved crack-tolerance compared to the cells with 
conventional evaporation-based metallization15  
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3 METHODS, ASSUMPTIONS, AND PROCEDURES 

3.1 Metal Matrix Composites 

Multiwalled carbon nanotubes (MW-CNTs) possess 
exceptionally high elastic modulus (TPa range)17,18 and 
current carrying capacity (>107 A/cm2)19-21, while being 
much more cost-effective (by an order of magnitude per 
unit weight22) than single-walled carbon nanotubes (SW-
CNTs).  Carbon nanotubes can be incorporated into metal23-

29 to enhance the composite mechanical strength23,24,30,31 
without significantly increasing the resistivity compared to 
that of the metal23.  A number of different mechanisms have 
been postulated to explain the toughening, which is very 
much analogous to whisker and fiber reinforcement shown 
in Figure 4 30: (1) crack deflection at the CNT-metal
boundary, (2) crack bridging where CNTs are strongly

adhered to metal and thus highly strained between two fractured metal surfaces, and (3) CNT 
pullout where CNTs slide out of metal matrix leaving a void behind.30  The electrical properties of 
MMCs largely depend on CNT-metal interface and how clustered CNTs are within the metal 
matrix.23  Poor adhesion to metal and clustering are believed to increase the resistivity of the 
composite.23  Thus, much effort has been made to disperse CNTs and homogeneously incorporate 
them into metal.23  Here, we have selected MW-CNTs as our material choice for two main reasons.  
(1) MW-CNTs are much more cost-effective than SW-CNTs.22  Even at the research-level
purchasing price, the amount of CNTs we are using would add only about $5 per m2 of panel
surface area.  This cost can be easily offset by the savings in Ag usage, since we will be employing
electroplating, rather than evaporation or screen printing.  (2) MW-CNT MMCs possess superior
gap-bridging capability (10s of m) with “self-healing” characteristics compared to SW-CNT
MMCs (a few m) that irreversibly fail under large strain (>10 of m).

3.1.1 Choice of Composite Deposition Method 

Numerous techniques exist today to deposit MMCs, including powder metallurgy route, 
melting and solidification route, thermal spray route, and electrochemical route.23  Other methods, 
such as screen printing24 and mechanical rolling32, are also available.  Here, we chose the 
electrochemical route because the technique is cost-competitive and high-throughput over large 
areas.  The usage of Ag in electroplating is also minimal compared to other techniques.  Screen 
printing is another low-cost manufacturing technique for metal deposition, widely used in the 
terrestrial PV market, but the resolution is limited to wide gridlines (> 70 m), and the 
electrical/optical quality is not as good as electroplated metal.33  Since space PV gridlines typically 
require finer resolution (15 to 30 m) and larger current density (50 mA/cm2) than what is readily 
achievable by screen printing, electrochemical deposition became our choice for metal deposition.  
We have also considered metal evaporation, which is the standard approach for space PV front 
contacts; however, the vacuum technique is not easily amenable to CNT incorporation.  The 

Figure 4: Conceptual diagram of 
toughening mechanisms 29. 
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advantages and disadvantages of a few key deposition techniques are summarized in Table 1 below 
for clarity. 

Table 1: Summary of advantages and disadvantages of common metal and MMC deposition techniques 
Technique Advantages Disadvantages 

Electrochemical 
deposition (also 
known as 
electroplating or 
plating) 

Lost-cost, large-area, high-throughput 
technique.  Higher electrical 
conductivity and finer resolution than 
screen printing.  Less metal 
consumption than screen printing. 

Extra lithographical step needed during 
processing.  Potential metal 
contamination. 

Screen printing Low-cost and widely used in terrestrial 
PV market. 

Less conductive than electrochemically 
deposited metal.  Limited line resolution.  
Larger consumption of metal than 
electroplating. 

Evaporation Widely used, proven technique in space 
PV market. 

Vacuum technique not easily amenable 
to simultaneous CNT incorporation or 
wet chemistry.  Larger consumption of 
metal than electroplating.  

3.1.2. Carbon Nanotube Surface Functionalization and 
Microstructure 

The main purpose of CNT surface functionalization is to 
place net negative or positive charges on CNTs for dispersion 
and electrokinetic mobility and to increase (and to an extent 
control) the adhesion strength to surrounding metal matrix.  To 
date, we have successfully demonstrated stable surface 
functionalization of CNTs that strongly adhere to their 
surrounding metal matrix16.  We provide the details of this 
surface functionalization strategy below, which ultimately 
governs the way CNTs are incorporated into metal and the 
resulting MMC microstructure (e.g., homogeneous distribution 
vs. layer-by-layer). 

Protocols for surface functionalizing CNTs are available 
in literature34-36.  For our work, we have chosen carboxylic (-

COOH) and amine (-NH2) terminations.  pKa of carboxylic groups37 can range from 0.5 to 4.2, 
while pKa of amine38 groups can range from 9.3 to 9.8.  These values suggest that at neutral pH = 
7, carboxylic-terminated CNTs would be negatively charged, whereas amine-terminated CNTs 
would be positively charged.  Figure 5(a) conceptually describes how the net surface charge on 
CNTs would vary as a function of surface functional group and solution pH.  To demonstrate that 
the CNTs can be functionalized to become charged and hydrophilic, Figure 5(b-ii) shows our 
carboxylic-terminated CNTs completely solubilized in water.  The hydrophilicity and water 
solubility indicate high-energy surface.  Our mechanical strain failure test and tape adhesion test 

Figure 5: Controlling CNT 
solubility in water. 
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on MMCs, combined with SEM inspection, have additionally indicated that organic surface 
functionalization increases the adhesion strength of CNTs to metal matrix. 

Since we are depositing metal cations (e.g., Ag+) on the solar 
cell substrate working as a negatively biased cathode, the cationic 
amine termination (i.e., -NH3

+) can be used to co-deposit CNTs 
with metal.  The co-deposition would create a network of 
homogeneously distributed CNTs embedded in metal [see Figure 
6(a)].  This is the most common microstructure for CNT-metal 
composites.  Alternatively, the positively charged CNTs can be 
deposited by themselves in a separate batch, following the 1st metal 
deposition.  Then, another layer of metal can be deposited on top of 
the CNT layer to create a metal-CNT-metal, layer-by-layer 
microstructure [see Figure 6(b)].  Depending on the coverage and 
overlap of CNTs, the 2nd metal layer can intercalate through the 
CNT network and connect with the 1st metal layer.  The layering 
can be repeated if multiple layers are desired. 

In comparison, the anionic carboxylic termination (i.e., –
COO) can be used to combine metal erosion (roughening of metal surface) and CNT incorporation 
to create a more complex microstructure, while the solar cell substrate functions as a positively 
biased anode.  Metal deposition can ensue after the CNT deposition to bury the CNTs, creating a 
metal-CNT-metal, layer-by-layer microstructure with a highly corrugated interface between metal 
and CNT layers.  Negatively charged CNTs can also be deposited on the positively biased substrate 
in a separate batch after metal deposition.  The following 2nd metal layer deposition on CNTs would 
create a metal-CNT-metal, layer-by-layer structure, but with a much better defined interface 
between metal and CNT layers.  The layering can be repeated if multiple layers are desired.  The 
3rd approach is where the negatively charged CNTs, well dispersed in an aqueous solution, are 
spray-coated on the 1st metal layer.  The 2nd metal layer can then be deposited on CNTs to create a 
metal-CNT-metal, layer-by-layer structure.  Again, the layering can be repeated if multiple layers 
are desired. 

While the deposition approaches described above illustrate how we can manipulate the MMC 
microstructure in a variety of different ways, we have experimentally observed that the 
electrokinetic mobility of metal cations (e.g., Ag+ and Cu2+) is vastly greater than that of charged 
CNTs.  This disparity places a limit on the rate at which CNTs can be incorporated into metal.  
Therefore, in our published work15,16,39, we have focused on the metal/CNT/metal sandwiched 
microstructure, where the CNT layer is spray-coated to achieve high incorporation rate (i.e., fast 
CNT deposition), and was the primary focus of our work. 

3.2 Composite Characterization 

The CNT-Ag MMCs can be characterized for mechanical and electrical properties.  The 
mechanical characterization may include stress-strain measurements by Dynamic Mechanical 

Figure 6: Schematic diagram
of two main MMC
microstructures. 
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Analysis (DMA)31,40, where a free-standing MMC composite line in a dog-bone shape32 would be 
uniaxially strained to estimate the elastic modulus.  Shear testing can also be performed, where the 
composite gridlines on a semiconductor substrate are mechanically scraped from the side to 
measure the adhesion strength as well as the mechanical strength of the gridlines.  Controlled 
adhesion test can also be performed to quantitatively measure only the adhesion strength.  For 
electrical characterization, one could also use a four-point probe to measure the sheet resistance 
(thus conductivity) of the composite gridlines.  The typical conductivity of our composite gridlines 
is on the order of 3.0x105/Ω-cm compared to pure silver (1.2x105/Ω-cm), emphasizing the 
excellent electrical properties of CNTs and their good adhesion to the Ag matrix. 

For simultaneous electro-
mechanical characterization, we 
have developed Resistance Across 
Cleaves and cracKs (RACK) 
testing method, where the 
composite gridlines deposited on a 
semiconductor substrate are 
mechanically strained to failure to 
form a crack, while the electrical 
resistance through each gridline is 
measured.16  The gap in the 
fractured metal lines is also 
optically measured under a 
microscope, as the lines are pulled 
apart. 

Figure 7 shows the RACK testing setup.  A set of parallel MMC gridlines, deposited on an 
InP substrate, are first mounted on two printed circuit boards using an adhesive.  Upon curing 
the adhesive, the substrate is scribed with a diamond tip to generate a crack that propagates 
across the substrate backside, orthogonal in direction to the MMC gridlines.  The cracked 
substrate is then attached to a linear stage controlled by a stepper motor.  The resistance across 
each of the MMC gridlines is continuously recorded as the gridlines are pulled apart at micron 
increments until the electrical resistivity approaches infinity upon plastic failure.  Note that this 
electrical failure (i.e., sharply rising line resistance) does not occur until the gap in the fracture 
line is as much as 40 µm.  Following the first electrical disconnect, the gap is incrementally 
closed in reverse until the electrical connection is reestablished across the gridlines (“self-
healing”); the substrate is then pulled apart again.  This process is repeated until no further 
change is seen in the gap width at which the electrical connection is lost and regained.  This 
“self-healing” characteristic is unique to our MMCs. 

The RACK testing provides as a function of CNT loading (i.e., CNT surface coverage in 
the layer-by-layer structure) (1) the maximum bridgeable gap, (2) the line resistance through the 
CNT network upon metal line fracture and at the maximum bridgeable gap, and (3) the 
maximum current density achievable through the CNT network upon metal line fracture and at  
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the maximum bridgeable gap.  The tolerable level of cell performance degradation by the 
increase in series resistance (i.e., by the metal line fracture) would translate to the 
maximum allowable line resistance of CNT network and therefore the required CNT 
loading to maintain the cell performance. 

3.3 Cell Integration and Performance Characterization 

As the ultimate test of our materials engineering effort, we integrated the CNT-Ag MMCs 
onto commercial MJ cells and characterized the cell performance before and after fractures form 
under mechanical stress. 

Figure 8 shows our MMC integration process flow.  After the Ag seed layer deposition 
over a mask, the 1st Ag layer is electroplated, using a cyanide-free, AgNO3-based plating 
solution (E-Brite 50/50 RTP plating solution and E-Brite 50/51 replenisher).  Then, the entire 
cell is spray-coated with an aqueous CNT solution (≥ 1 g/L).  The cells are placed on a moving 
stage (≤ 3.57 mm/s) and sprayed multiple times in a repeat cycle.  The solvent evaporates 
quickly from the heated substrate ( ≤150°C), leaving behind functionalized MW-CNTs.  By 
controlling the CNT solution concentration, the moving speed of the sample stage under the 
spray nozzle and the substrate temperature, we can deposit thin, uniform layers of CNTs across 
the entire surface of the cell.  Under the operating condition that provides fine control on CNT 
surface coverage, fifteen repeats result in >90% surface coverage of CNTs on Ag.  This 
throughput can improve with proper CNT solution concentration, stage moving speed, and stage 
temperature.  After CNT deposition,  

the cells are transferred back into the electrolytic solution for the final deposition of Ag.  The 
second Ag layer is electroplated, resulting in a ~ 2-μm-thick layer.  Samples are then rinsed with 
water to remove residual plating solution and soaked in acetone to remove the photoresist and 
CNTs on its top by liftoff.  This liftoff process defines the gridlines. 

Figure 8: Process flow for MMC integration onto commercial TJ cells. 
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4 RESULTS AND DISCUSSION 

This section summarizes the results from the device characterization of composite-enhanced 
multijunction cells in comparison to standard metallization multijunction cells.  We also describe 
the initial results from device and composite modeling. 

4.1 Cell Performance Characterization and Modeling 

The cell performance was measured before and after introducing the cracks by conducting 
light and dark current-voltage sweeps (LIV and DIV) and measuring electroluminescence (EL) 
from the top subcell.  We compared the performance of MMC-integrated (composite-enhanced) 
cells with that of standard-metallization cells, as a function of MMC microstructure and integration 
approach.  The IV sweeps provide short circuit current (Jsc), open circuit voltage (Voc), fill factor 
(FF), efficiency (), and ideality factor (n).  One could also extract from the IV curves shunt 
resistance (Rsh), series resistance (Rs), and level of carrier recombinations.  The EL technique 
visually identifies the regions of the cell that no longer generate power as well as the level of 
radiative recombination sites around microcracks that lead to the decrease in Voc. 

Figure 9 demonstrates our current capability of measuring cell performance and the data that 
strongly support the potential of MMCs to improve the reliability and lifetime of space solar cells. 
Commercial TJ cells with standard 100% evaporated Ag metallization (Control Sample) led to 
53% loss in Jsc, while showing 29% and 68% decrease in FF and . 

In contrast, MMC-integrated (composite-enhanced) cells, which are identical to the standard 
cells other than metallization, minimized the degradation in cell performance.15,16  Upon 
mechanically induced cell fracture, the MMC-integrated commercial TJ cells showed no decrease 
in short circuit current (Jsc), while showing 26% and 35% decrease in fill factor and efficiency 

Figure 9: LIV and EL measurements on control sample (left) with 100% Ag gridlines, and test sample
(right) with MMC gridlines. 
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(FF and ), respectively.  This result is representative of numerous standard control and MMC-
integrated samples we analyzed. 

Simulation Program with Integrated Circuit Emphasis (SPICE) modeling was developed to 
simulate the IV characteristics and extract cell performance parameters, such as shunt and series 
resistance (Rsh and Rs).  The series resistance, in particular, would help determine the required 
amount of CNTs to be incorporated into metal to limit the performance degradation to a tolerable 
level (>90 % of the original performance before the cracks form).  Figure 10 describes our 
preliminary SPICE model.  We assume that the TJ cell is fractured transverse to the gridlines into 
effectively two sections with varying percentages (90/10 split to 10/90 split).  While many more 
fractures occur in real life, we are partitioning the sections that are electrically connected to the 
busbar through metal (the 1st percentage section) and the sections that are electrically connected 
to the 1st percentage section through CNTs.  Thus, only the 2nd fractured section has an additional 
series resistance (Rb) term that represents the line resistance through the network of CNTs that 
bridge the gap (see the circuit diagram in Figure 10).  Each simulated IV graph has multiple curves, 
depending on Rb that ranges from 1 to 20 .  While the model is a simplified view, it provides a 
quantitative guidance on Rb, and therefore the amount of CNTs required to maintain the cell 
performance. 

4.2 Circuit Modeling to Extract Cell Parameters 

We measured current-voltage (IV) characteristics of SolAero’s ZTJ triple-junction PV cells 
reinforced with MMCs before and after substrate fracture.  The cells were mechanically strained 
over a cylinder to introduce cracking.  The IV measurements were made under a solar simulator 
for LIV curve and under complete darkness for DIV curve.  These measurements, to which circuit 
models are fit, can provide key device parameters (e.g., ideality factor, saturation current, short 
circuit current, series resistance, and shunt resistance) as a measure of cell performance. 

Figure 10: SPICE modeling of cracked TJ cells and their simulated IV curves with varying series 
resistance. 
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Figure 11 shows experimentally measured DIV curves before (red) and after (blue) substrate 
fracture.  For simplicity, the following DIV equation for a single-diode model is fit to these curves 
to obtain saturation current (Io) and ideality factor (n). 

ܫ ൌ ܫ ቂ݁ݔ ቀ


்
ቁ െ 1ቃ, (1) 

where ID, q, V, k, and T denote dark current, unit charge, potential, Boltzmann constant, and 
temperature, respectively.  We focus on the linear region near 1.5 to 2.5 V to fit this single-diode 
model.  For improved fit over a wider range, one could use a two-diode model, where the model 
could also describe the second linear region near 0.5 to 1.2 V.  We note that the number of diodes 
used in the model has no connection to the number of subcells in the multijunction cell. 

Figure 11: DIV curves of SolAero’s ZTJ triple-junction PV cells reinforced with MMCs before and after 
the substrate fracture. 
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ܫ ൌ 	 ௦ܫ െ ܫ ቂexp ቀ
ାூோೞ
்

ቁ െ 1ቃ െ ାூோೞ
ோೞ

, (2) 

where I is an implicit function.  Table 2 below shows a summary of the extracted model parameters 
before and after fracturing four MMC-enhanced ZTJ triple junction PV cells. 

Figure 12: LIV curves of SolAero’s ZTJ triple-junction PV cells reinforced with MMCs before and after 
the substrate fracture. 

After extracting I0 and n from the DIV curves, the LIV curves (Figure 12) can be used 
to obtain short circuit current (Isc), series resistance (Rs), and shunt resistance (Rsh).  The short 
circuit current can be taken directly from the LIV curve at the value where voltage is equal to zero 
(i.e., y-intercept). The two resistance terms are extracted with a non-linear, least-squares fit in 
MATLAB with the following equation: 
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When the single-diode model is fit to the multijunction cell, the ideality factor deviates from 1 to 
2 that are typical of a single junction cell.  Upon fracture, the ideality factor increases in general, 
indicating performance degradation.  The most important outcome of fracture-testing MMC-
enhanced cells, however, is that Isc does not change significantly upon cell fracture.  Considering 
that PV cells are connected in series on a module, maintaining Isc has significant implications in 
module reliability against substrate fracture.  The cell fracture also leads to an increase in Rs and a 
decrease in Rsh, which is indicative of performance degradation.  While MMC-enhanced cells 
showed moderate decrease in cell performance, the control cells with standard metallization 
showed >50% loss in Isc and noticeable performance degradation (i.e., 29% and 68% decrease in 
FF and ), where no linear regions exist in DIV curves, and the model can no longer be fit to the 
experimental data. 

4.3 Composite Modeling to Predict Mechanical Properties 

Finite element method (FEM) software, ABAQUS, was used to model how the CNT loading 
fraction within the silver matrix affects the overall composite mechanical properties.  The modeled 
sandwich structure is shown in Figure 13 as a Ag/CNT/Ag, layer-by-layer stack.  Since the CNT 
layer is a network of inter-tangled CNTs and not a solid film, the top silver layer intercalates 
through the voids that exist in the CNT layer and connects with the bottom silver layer.  This 
concept is described by a simplified model, where the silver intercalates periodically in perfect 
circles as shown in the figure.  This assumption reduces the FEM meshing by symmetry; a unit 
cell can represent the entire composite. 

The material properties of each component in the composite are needed as an input to the 
model.  The difficulty is that materials properties of electroplated silver are very different from 
what is considered as precious-metal-grade silver.  The CNT network intercalated by silver would 
also possess material properties that are very different from those of individual MW-CNTs.   

Table 2: Device performance parameters extracted from model fit to
experimental DIV and LIV curves. 
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To circumvent the difficulty of assigning component properties, the input mechanical 
properties of silver were extracted by fitting a model that allows plastic deformation (Figure 14) 
to experimental stress-strain data obtained from evaporated 4-m-thick 100% Ag.  The stress-
strain DMA data were provided by the Landi group at Rochester Institute of Technology (RIT).  

For ease of fitting the model, we arbitrarily introduced 
13 points at which plastic deformation is allowed.  One 
could potentially introduce more points to smooth out 
the fitting.  The model fit in Figure 14 gave an elastic 
modulus of evaporated silver films to be 47.1 GPa 
along with the plastic deformation trends.  To model 
100% silver, the surface coverage of CNTs in the 
interlayer shown in Figure 13 was assumed to be zero. 

For effective material properties of the CNT-
silver interlayer, we assigned a large elastic modulus of 
750 GPa as an initial estimate; this effective modulus 
can be used as a variable parameter to fit the 
experimental data in the future.  The stress-strain 
curves of MMCs with different CNT loading are shown 

in Figure 13, and a summary of MMC modulus, extracted from the initial linear region of each 
curve, is given in Table 3. 

Figure 13: MMC composite microstructure modeled by a layer-by-layer construct of Ag/CNT/Ag stack. 

Figure 14: Experimental and model stress-
strain curves of Ag deposited by 
evaporation. 
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Table 3: Summary of MMC modulus as a function of CNT loading. 

CNT % 

(ECNT = 750GPa) 

MMC Modulus (GPa) 

0 47.030 

20 50.499 

70 65.479 

80 69.916 

100 80.596 
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5 CONCLUSIONS 

During the entire project period (2014-2017), we have fully integrated our MMCs onto 
commercial multijunction cells and demonstrated that MMC gridlines provide strongly 
pronounced crack-tolerance, compared to standard-metallization multijunction cells.  Upon 
introducing cracks to the cells, samples with the MMC gridlines exhibit virtually zero loss in Jsc, 
while retaining a continuous electroluminescence glow.  The latter is strong evidence that the 
fractured portion of the substrate is electrically connected.  In contrast, fractured control cells show 
a significant loss in Jsc up to 54% with noticeably dark regions during EL measurements.  In 
addition, the average loss in FF and η in control cells is 32% and 54%, respectively, compared to 
16% and 19% for MMC-enhanced cells.  This demonstration supports that our MMC gridlines are 
suitable to replace traditional gridlines and to help mitigate the loss in cell performance as 
microcracks develop in cells. 

While we have demonstrated the technological advantages of MMCs to increase the 
reliability and lifetime of space solar photovoltaics, we began to understand how CNT 
incorporation into electroplated silver affects device parameters and mechanical properties.  Using 
a single-diode model, we began to extract device parameters, such as I0, n, Isc, Rs, and Rsh before 
and after substrate fracture.  We also began to model the mechanical properties of MMCs, using a 
final element method where the material properties of each component (i.e., silver and an effective 
interlayer that consists of a contiguous sheet of CNTs with periodically open circular holes through 
which silver intercalates) are used as an input.  These modeling capabilities would allow us to 
compare in a quantitative manner MMC-enhanced cells against the cells with conventional 
metallization for our future work. 

From the manufacturing stand point, we make use of low-cost, multiwalled CNTs embedded 
in Ag matrix to mechanically and electrically reinforce metal gridlines.  These composite metal 
gridlines show strong potential to replace conventional ones deposited by evaporation.  Our metal 
matrix composites (MMCs) assume a layer-by-layer microstructure that consists of Ag/CNT/Ag, 
and we achieve this architecture, using simple deposition methods.  Our process relies on 
electrochemical deposition (plating) of Ag, a low-cost, highly reproducible alternative to vacuum 
metal deposition.  We also use spray-coating as a fast, cost-effective, and easily scalable method 
of depositing CNTs.  The combined use of plating and spray-coating provides a manufacturable 
path to integrate MMCs.  In 2017, we have established our partnership with SolAero and formed 
a new company Osazda Energy, LLC to commercialize the MMC technology.  Osazda is now 
simultaneously working on developing CNT-incorporated Ag paste (widely used on terrestrial 
solar cells) and the paste application (i.e., adhesion layer formation and furnace firing schedule) 
on Si substrates to broadly translate the MMC technology to a much bigger terrestrial market. 
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS 

Acronym/ Abbreviation Description 

AM0 Air Mass 
CNT Carbon Nanotubes 
DIV Dark Current-Voltage 
DMA Dynamic Mechanical Analysis 
EL Electroluminescence 
FEM Finite Element Method 
IMM Inverted Metamorphic Multijunction 
LIV Light Current-Voltage 
LLC Limited Liability Company 
MJ Multijunction 
MW Multi-Walled 
MAVEN Mars Atmosphere and Volatile Evolution Mission 
MMC Metal matrix composite 
NASA National Aeronautics and Space Administration 
PV Photovoltaic 
RACK Across Cleaves and cracKs 
RIT Rochester Institute of Technology 
SEM Scanning Electron Microscope 
SPICE Simulation Program with Integrated Circuit Emphasis 
SW Single-Walled 
TJ Triple Junction 

Symbol Description 

Voc Open circuit voltage 
Jsc Short circuit current 
FF Fill factor 
 Efficiency 
n Ideality factor 
Rsh Shunt resistance 
Rs Series resistance 
Rb Additional series resistance in the cracks 
ID Diode current 
q Unit charge 
V Voltage 
k Boltzmann constant 
T Temperature 
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