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Silver–Carbon-Nanotube Metal Matrix Composites
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Abstract—In this paper, multiwalled carbon nanotubes are being investigated for mechanical reinforcement of metal contacts
on inverted metamorphic multijunction solar cells. We have focused on a silver–carbon-nanotube layer-by-layer microstructure
for this study. The silver layer is electrodeposited, and the carbon
nanotube layer is deposited by various methods, including electrodeposition, nanospreading, and drop casting. To increase the
adhesion strength to metal and achieve efficient metal nanotube
stress transfer, carbon nanotubes are chemically functionalized
with carboxylic or amine groups prior to deposition. The metal–
carbon-nanotube composites are characterized mechanically and
electrically through nanoindentation and strain failure tests. The
strain failure tests show that the conductivity can be maintained
up to 42-μm-wide microcracks in the composite layer, where the
carbon nanotubes bridge the gap.
Index Terms—Composite materials, metallization, photovoltaic
cells.

I. INTRODUCTION
HE advanced solar cells used in space vehicles today are
rapidly moving toward thin-film-based inverted metamorphic multijunction (IMM) solar cells [1]–[3] mounted on flexible substrates. However, IMM cells are more prone to cracking
than state-of-the-art triple junction cells. Cell cracking can lead
to metal contact failure on IMM cells, compromising the power
generation. Recently, Kajari-Schröder et al. [4] characterized
microcracks in crystalline-silicon-based photovoltaic cells, using electroluminescence after artificial aging and snow damage
(see Fig. 1). These microcracks can electrically disconnect areas of the cells and lead to substantial power loss (∼16%) [5].
To mitigate the power loss and increase the lifetime of IMM
cells, we have developed and investigated silver (Ag) metal
films imbedded with multiwalled carbon nanotubes (CNTs),
also known as metal matrix composites (MMCs), for the reinforced mechanical strength against stress-induced cracks [6].
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Fig. 1. Electroluminescence image of a microcracked photovoltaic module.
Dark regions are electrically inactive areas [4].

Numerous techniques exist today to deposit MMCs, including the powder metallurgy route, the melting and solidification
route, and the electrochemical route [7]. In our case, an electrochemical deposition method is chosen to readily control the
MMC microstructure. One of the microstructures currently being explored is an Ag-CNT layer-by-layer (LBL) structure, in
which functionalized CNTs are deposited on electroplated Ag
in an alternating fashion. Here, we compare different CNT deposition techniques, including electrochemical deposition [8],
[9], nanospreading [10], and drop casting.
In this investigation, we have primarily focused on 1) optimization of a cyanide-free electrochemical deposition of Ag, 2)
surface functionalization of CNTs to make their surface more
hydrophilic and wetting to metals, 3) control of CNT incorporation in the LBL microstructure using different deposition
methods, and 4) mechanical and electrical characterization of
the composite films. Currently, we are able to deposit lustrousmirror-finish Ag films, using a commercial Ag-plating solution
with precise control of current density. We observe that the
carboxylation of CNTs produces a stable homogeneous suspension of negatively charged carbon nanotubes at pH 6. One of the
microstructures being explored is an Ag-CNT LBL structure,
where the surface coverage of CNTs is the main variable that
directly affects the CNT packing fraction and metal intercalation
through the CNT network. We quantify the CNT surface coverage as a function of different deposition variables by digitally
analyzing scanning electron microscopy images. We further analyze how this surface coverage correlates with the mechanical
and electrical properties of the MMC films. We characterize the
mechanical properties using nanoindentation and strain failure
tests.
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Fig. 2. Cathode potential V c versus cathode current density Jc . The region
between Point D and Point L defines the ideal operating window where the
finish of plated Ag is bright.

II. EXPERIMENTAL METHODS AND RESULTS

Fig. 3. Cyclic voltammetry measurements on the as-received (black), amineterminated (red), and carboxylated (blue) CNTs with corresponding images of
the CNTs solutions.

A. Silver Electroplating
Silver electroplating is typically performed in cyanide-based
aqueous solutions because these processes offer most the consistent deposition qualities at a low cost [11]. However, due
to their toxicity and environmental concerns, finding suitable
noncyanide-based electrolyte solutions is highly desired to replace toxic cyanide processes [12]–[14]. In this effort, we have
successfully developed and optimized an electrochemical Ag
deposition using a commercially available plating solution, Ebrite 50/50 RTP, through the manipulation of key parameters
such as pH, temperature, ionic strength, and current density.
Plating conditions are optimized in a series of experiments. The
main variable is cathodic current density Jc , while Ag ion concentration, pH, and bath temperature are held constant. Fig. 2
shows the cathode potential Vc versus current density Jc with
corresponding images of Ag electroplated on GaAs substrates.
Point E is below 0.6 mA/cm2 in our case, where no current is
flowing at the equilibrium potential. Point D demarcates the decomposition potential where the electrode reaction begins, and
Ag starts to deposit. Point L defines the limiting current density,
above which Ag deposition is transport limited, Vc becomes
very unstable, and the plated Ag becomes “spongy.” The region
between D and L defines the ideal operating window where the
plated Ag appears bright, which is associated with the highquality metal finish. Note that the uppermost sample in Fig. 2,
despite its location in the ideal window of operation, appears
dark/“spongy”, where the control set point on current density
is well above 10 mA/cm2 , and the control over Jc becomes
unstable. A current density of 3 mA/cm2 consistently results
in a bright finish; therefore, this current density is used in all
subsequent Ag electrodepositions.
In addition to precise control over the operating current
density, we observe that the initial seeding layer on the
substrate significantly affects the final film quality. Various
thin (∼100 nm) seeding layers are explored, including sputtercoated Ti, sputter-coated Ag, and Ag deposited by physical
vapor deposition (PVD). The PVD Ag seeding layer and
subsequent electroplating of Ag result in a mirror finish (see the

upper left inset of Fig. 2). That is, mirror finishes are obtained
through the precise control of current density and the use of
appropriate seeding layer.
B. Carbon Nanotube Functionalization
The high mechanical strength and good electrical/thermal
conductivities of CNTs [15], [16] make them a suitable component in the MMC to reinforce the metal gridlines. For this
paper, we have focused on low-purity multiwalled CNTs as they
offer lower cost and longer lengths than single-walled CNTs.
However, in order to harness these properties, CNTs have to
be properly imbedded within the metal matrix. One common
approach to incorporate CNTs in the metal matrix is through
chemical functionalization, which allows for chemical bonding
between CNTs and their surrounding environment [17]–[20]. In
order to enhance the wettability and adhesion of CNTs to metal,
two groups of surface-functionalized CNTs are developed. The
first group is functionalized with COOH for negative surface
charge, following a standard acid reflux method [21], [22]. The
maximum electrokinetic mobility of CNTs is achieved through
an acid treatment in a 1:3 HNO3 :H2 SO4 mixture [22]. The
second group is functionalized with NH2 for positive surface
charge by sonicating CNTs in 2.8-M NH4 Cl aqueous solution.
Carboxylation of CNTs produces stable homogenous aqueous
solutions of CNTs, as seen in Fig. 3. Cyclic voltammetry tests
are performed on the as-received, NH2 -functionalized, and
COOH-functionalized CNTs. We observe the highest overall
integrated charge (see the blue line in Fig. 3) associated with the
carboxylated CNTs, which indicates that carboxylated CNTs
assume the highest amount of surface charge and presumably
the highest electrokinetic mobility compared with neutral and
amine-terminated CNTs.
C. Carbon Nanotube Deposition Methods
For microstructural comparison, COOH-terminated CNTs
are used to create an LBL Ag composite microstructure. First,
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Fig. 5. (Top) SEM images of COOH-terminated CNTs deposited on electroplated Ag, using the nanospreader technique. Five successive layers of CNTs
are deposited at a blade pull speed of 10 μm/s. (Bottom) Cross-sectional SEM
images of Ag-CNT-Ag composite structure. The CNTs, indicated by red arrows,
exhibit good adhesion to the surrounding Ag matrix.
Fig. 4. (Top) SEM image of COOH-terminated CNTs deposited on 40-nmthick sputter-coated Ag to clearly show Ag dissolution during negatively charged
CNT deposition on positively biased working electrode. (Bottom) I–V characteristic curve. Shaded region indicates the optimum operating range above which
V c rapidly rises with increasing Jc .

a 2-μm-thick Ag film is electroplated on GaAs followed by
electrochemical deposition of CNT-COOH at –0.5 mA/cm2
for 15 min. The sample is then electroplated with another
2-μm-thick Ag layer. Due to the negative surface charge on
CNT-COOH, a positive bias must be applied to the working
electrode (i.e., anode) to deposit CNTs. Consequently, the plated
Ag dissolves back into the solution during CNT deposition (see
Fig. 4).
As an alternate method to electrochemical deposition, functionalized CNTs are deposited using a nanospreader technique.
A 2-μm-thick Ag layer is first electroplated on a 100-nm-thick
PVD Ag seeding layer on GaAs samples. The nanospreader
technique [10] is then used to deposit a thin layer of CNTs by
dragging at a constant velocity the meniscus of microliter suspension droplets of CNTs trapped between the substrate and
a moving Teflon blade. Five layers of carboxylated CNTs are
successively deposited at a blade pull speed of 10 μm/s. The
samples are then plated with another 2-μm-thick Ag layer, creating an MMC film with a total thickness of ∼4 μm. Fig. 5
shows the nanospreader sample before the second Ag layer is
deposited (top SEM images), and a cross-sectional view after
the second Ag layer is deposited (bottom SEM images). The
cross-sectional SEM images show CNTs intercalating the Ag
matrix. These images suggest that the surface functionalized
CNTs adhere well to Ag and that these CNTs would bridge the
microcracks that are formed on strain-induced failure.
A range of deposition rates is investigated using the
nanospreader technique with pull speeds ranging from 2 to
30 μm/s and droplet volumes ranging from 10 to 50 μL. Through
the manipulation of pull speed, we are able to obtain CNT surface coverage ranging from 12% to 86% (see Fig. 6). Here,

Fig. 6. Linear relation between the pull speed and corresponding surface
coverage of CNTs using the nanospreader method.

we define the surface coverage as the percentage of substrate
surface covered by CNTs, ignoring any CNT overlap. The corresponding surface coverage is quantified through the digital
image processing of SEM images. Using ImageJ program, the
SEM images are converted into a matrix of gray-scale values
with the corresponding xy coordinates. The gray-scale values
are then plotted in a histogram, and a cutoff gray value is assigned per image. This cutoff value represents the gray-scale
value of an open space; hence, all gray values less than this
cutoff value are counted and divided by the total counts, giving
the percentage surface coverage. We note that this cutoff value
is not a constant due to the variability in contrast and brightness
settings from image to image.
While the nanospreader technique offers precise control over
the CNT surface coverage, the slow throughput limits its manufacturability. As an alternative method of deposition, we have
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Fig. 7. CNTs loading fraction versus surface coverage with standard deviation
bars. Past point H (> 9 g/cm2 ), the surface coverage plateaus, asymptotically
approaching 100%.
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Fig. 8. Log plot of resistance versus gap across fractured MMC gridlines with
three different CNT surface coverages. The connection is reestablished at 49,
9, and 5 μm for samples with CNT surface coverage of 72%, 55%, and 35%,
respectively.

also applied a simple drop casting method, using a solution
of carboxylated CNTs. We explore a range of different CNT
loading fractions (i.e., CNT solution concentration) and digitally analyze the subsequent surface coverage (see Fig. 7 inset).
Digital analysis is performed using ImageJ program. Fig. 7
shows how the CNT loading fraction translates to the percentage surface coverage. We use different CNT loading fractions
to prepare MMC gridlines (each 1-mm wide) to create the LBL
microstructure. First, a 2-μm-thick Ag film is electroplated on
a 100-nm-thick PVD Ag seeding layer on an InP substrate. The
solution of CNT-COOH is then drop-cast at room temperature.
Another 2-μm-thick Ag layer is finally electroplated on top.
D. Electrical and Mechanical Characterization
Using a four-point probe, we measure the sheet resistance
(thus conductivity) of 2-μm-thick Ag and then of the complete
MMC composite layer after drop casting 600 μL of CNT solution (2.2 × 10−4 gCNT /cm2 ) and plating the final 2-μm-thick Ag
layer. Nine measurements are taken for each layer. The initial
Ag layer shows 1.2 × 105 /Ω·cm conductivity. After applying the
CNT layer and growing the second Ag layer, the complete stack
shows 3.0 × 105 /Ω·cm conductivity. Despite using low-purity
multiwalled CNTs, a higher conductivity (3.0 × 105 /Ω·cm) is
observed for the complete MMC compared to pure silver (1.2
× 105 /Ω·cm), emphasizing the excellent electrical properties of
CNTs and their good adhesion to the Ag matrix.
A strain failure test is performed to determine how well the
MMC samples can maintain the electrical conductivity upon
mechanical fracture. A set of four parallel MMC gridlines, deposited on an InP substrate, are first mounted on two printed
circuit boards using an adhesive (see the insets of Figs. 8 and
9). 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

Fig. 9. Strain failure test of a MMC gridline (96% CNT surface coverage
using drop cast method). The maximum gap at which the electrical connection
is lost is reduced by ∼34% after the second pull test but remained constant after
subsequent pull tests.

stepper motor. The resistance across each of the MMC gridlines
is continuously recorded as the gridlines are pulled apart at micrometer increments until the electrical resistivity approaches
infinity upon plastic failure. Following the first electrical disconnect, the gap is incrementally closed in reverse until the
electrical connection is reestablished across the gridlines (see
Fig. 8); the substrate is then pulled apart again. This process
is repeated until no further change is seen in the gap width
at which the connection is lost. Fig. 9 shows a pull test of an
MMC gridline with 96% CNT coverage. After the second pull
test, the maximum gap at which the electrical connection is lost
is reduced by ∼34% but subsequently remained constant with
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Fig. 11. SEM images of CNTs anchored in Ag layers clearly showing CNTs
bridging cracks up to 9-μm wide.
Fig. 10. Maximum and average gap widths achieved before lost connection
as a function of CNT surface coverage and loading fraction.

additional pull tests. Using the drop casting method, a set of
MMC samples is prepared with different CNT surface coverage. The MMC gridlines are assessed, using the strain failure
test. Four gridlines with the same CNT loading are tested, and
the maximum and average gaps before the loss of electrical
connection are recorded in Fig. 10. The pull tests reveal that
the electrical connection is maintained across larger gaps with
higher CNT surface coverage, reaching a maximum of 42-μmwide gap. As the CNT surface coverage increases from 35%
to 96%, we observe a monotonic increase in the average gap.
Electroplated Ag lines without CNTs are also analyzed as control, using the strain failure test. Unlike MMC films, the Ag
gridlines did not withstand the initial crack generated on the
substrate (∼4-μm wide), and the electrical connection is immediately and irrecoverably lost.
It is clearly evident that the incorporation of CNTs within
the Ag matrix enhances the electrical conductivity of metal
lines upon fracture. To visualize this capability, we intentionally
fracture an MMC film and examine the cracks under SEM. We
observe the CNTs of various lengths bridging gaps ranging from
0.2 to 9 μm. The CNTs are anchored in the Ag matrix, indicating
a good adhesion between the functionalized CNTs and the Ag
matrix (see Fig. 11). A typical current density through an MMC
gridline under our testing is approximately 750 A/cm2 before
fracture. Once the crack is generated, the total current (30 mA)
is conducted through only a limited number of CNTs at the
fracture point, as shown in Fig. 11. We have not measured the
maximum current density that MMCs can tolerate after fracture
yet, but we project that by varying the CNT loading, it would
be possible to conduct a realistic amount of current typical of
space photovoltaic cells.
Mechanical characterization is performed on the MMC films
and plated silver films with no CNTs (baseline) using a
Berkovich round tip nanoindenter. Stress–strain curves are obtained at a depth profile of 2 μm. MMC samples of 4-μm thickness are prepared using nanospreader and drop casting methods

to deposit CNTs at various loading fractions. The nanoindentation analysis reveals that the composite film has a lower elastic
modulus (10 GPa) than pure silver (73 GPa) [23], which is contrary to our initial prediction given the high elastic modulus
of CNTs (1000 GPa) [24]. Nanoindentation tests performed on
bare electroplated Ag result in hardness values < 1 GPa, much
lower than the reported literature values of Ag. The lower elastic
modulus is attributed to the electroplating process of silver, in
which hydrogen is incorporated and trapped within the composite. Our finite-element analysis also corroborates this speculation, where the elastic modulus near 10 GPa is predicted with
approximately 4% void fraction. While the composite elastic
modulus is lower than that of pure silver, the strain failure tests
show that the carbon nanotubes can bridge 10–42-μm-wide microcracks, maintaining electrical conductivity. We are currently
investigating how hydrogen incorporation within electroplated
silver affects hardness and elastic modulus, and we will report
the study in a future publication.
III. CONCLUSION
In this study, we have developed and characterized Ag-CNT
MMC films that maintain electrical conductivity upon mechanical fracture of the substrate. Our composite lines are capable of
bridging cracks in the underlying semiconductor substrates up to
42 μm. That is, the incorporation of CNTs within the Ag matrix
renders the metal lines more resilient against mechanical failures, compared to the 100% Ag lines. In addition to maintain the
electrical conductivity over the stress-induced cracks, the composite films can reestablish the electrical connection when the
cracks close up. This “self-healing” behavior of MMC gridlines
is an important characteristic in light of the extreme temperature fluctuations encountered in space operations, in which the
photovoltaic cells undergo constant expansion and contraction.
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