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Abstract  —  In this work, 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 our initial studies.  The silver layer is 
electrodeposited, and the carbon nanotube layer is deposited by 
electrodeposition and nanospreading.  To increase 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 currently being characterized 
mechanically and electrically through nanoindentation and strain 
failure tests.  The initial strain failure tests show that conductivity 
is maintained with 42-µµµµm-wide microcracks in the composite 
layer, where the carbon nanotubes bridge the gap. 
Index Terms — composite materials, metallization, 

photovoltaic cells 

I. INTRODUCTION 

The advanced solar cells used in space vehicles today are 
rapidly moving towards thin-film-based inverted metamorphic 
multijunction (IMM) solar cells mounted on flexible 
substrates.  However, the IMM cells are more prone to 
cracking than state-of-the-art triple junction cells.  The cell 
cracking can lead to metal contact failure on IMM cells, 
compromising the power generation.   Recently, Kajari-
Schröder et al. [1] have characterized microcracks in 
crystalline-silicon-based photovoltaic cells, using 
electroluminescence after artificial aging and snow damage 
(Fig. 1).  These microcracks can electrically disconnect areas 
of the cells and lead to substantial power loss (~16%) [2].  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 [3].  
Numerous techniques exist today to deposit MMCs, including 
powder metallurgy route, melting and solidification route, and 
electrochemical route [4].  In our case, an electrochemical 
deposition method is chosen to readily control the MMC 
microstructure.  One of the microstructures currently being 

explored is a 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 
[5]-[6] and nanospreading [7]. 
 

In this investigation, we have primarily focused on 
(1) surface functionalization of CNTs to make their surface 
more hydrophilic and wetting to metals, (2) optimization of a 
cyanide-free electrochemical deposition of Ag, (3) control of 
CNT incorporation in the LBL microstructure using 
electrochemical deposition and nanospreader technique, and 
(4) mechanical and electrical characterization of the composite 
films.  We observe that carboxylation of CNTs produces a 
stable, homogeneous suspension of negatively charged carbon 
nanotubes at pH 6.  Lustrous-mirror-finish Ag films are also 
successfully deposited, using a commercial Ag-plating 
solution with precise control of current density.  The 
mechanical characterization of the composites is currently 
underway, using the nanoindentation method in conjunction 
with strain failure tests for simultaneous mechanical and 
electrical characterization. 

Fig. 1. Electroluminescence image of a micro-cracked PV module. 
Dark regions are electrically inactive areas [1]. 
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II. EXPERIMENTAL METHODS AND RESULTS

 

In order to enhance the CNT wettability and adhesion to 
metal, two groups of surface-functionalized CNTs
developed.  The 1st group is functionalized with COOH for 
negative surface charge, following a standard acid reflu
method.  The 2nd group is functionalized with NH
surface charge by sonicating CNTs in NH4Cl
of CNTs produces stable, homogenous aqueous so
CNTs as seen in Fig. 2(A).   

We have also explored different amine-termination
to achieve homogeneous dispersion of CNTs 
solutions comparable to carboxylated CNTs. 
voltammetry tests performed following amine 
functionalization recipes (Fig. 3) suggest that 
reflux step before amine functionalization may increase the 
surface defects on CNTs and consequently the surface 
coverage of amine groups.  The increase in overall integrated 
current, when acid reflux and amine termination steps are 
successively applied, indicates an increase in
groups on CNTs. 

Electrochemical Ag deposition is successfully developed 
and optimized using a commercially available plating solution, 
E-brite 50/50 RTP.  A set of key parameters, such as 
temperature, ionic strength, and current density,
determines the outcome of plating.  Plating conditions 
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.  Figure 4
cathode potential (Vc) vs. current den
corresponding images of Ag electroplated on GaAs substrate. 
The region between D and L define the ideal operating 
window where the plated Ag appears bright.  A current density 
of 3mA/cm2 consistently results in a bright finish; 
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 

Fig. 2. Aqueous solutions of CNTs 
functionalization steps.  (A) carboxylation by acid reflux for 2 hrs, 
(B) anime-terminated MWCNTs purchased from NanoLab, Inc.
(C) amine-termination by sonication in NH4Cl 
surface defect introduction by acid reflux for 1 hr 
amine termination by sonication in NH4Cl for 3 hrs, (E) amine 
termination by sonication in NH4Cl for 10 hrs.  
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substrate significantly affects the final film 
thin (~100 nm) seeding layers are 
coated Ti, sputter coated Ag, and 
vapor deposition (PVD).  The PVD Ag 
subsequent electroplating of Ag result
inset). 

For the microstructural comparison, 
CNTs are used to create a LBL Ag composite
First, a 2-µm-thick Ag film is electroplated on GaAs followed 
by electrochemical deposition of CNT
for 15 min.  The sample is then electroplated with another 2
µm-thick Ag layer as seen in Fig.

CNTs after various 
by acid reflux for 2 hrs, 

erminated MWCNTs purchased from NanoLab, Inc., 
 for 3 hrs, (D) 

for 1 hr followed by
Cl for 3 hrs, (E) amine 

Fig. 4. Cathode potential (Vc) vs. cathode current density (
region between Point D and Point L defines the ideal operating 
window where the finish of plated Ag is bright.

Fig. 3. Cyclic voltammetry measurements on commercial non
functionalized CNTs as control and CNTs
NH4Cl (Recipes C and D from Fig. 1). 

final film quality.  Various 
 explored, including sputter 

Ag, and Ag deposited by physical 
PVD Ag seeding layer and 

subsequent electroplating of Ag result in a mirror finish (Fig. 4 

microstructural comparison, COOH-terminated 
Ag composite microstructure.  

s electroplated on GaAs followed 
deposition of CNT-COOH at -0.5 mA/cm2 

electroplated with another 2-
ick Ag layer as seen in Fig. 5.  Due to the negative 

) vs. 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. 

voltammetry measurements on commercial non-
CNTs functionalized in 2.8 M 
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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 
during CNT deposition. 

As an alternative to electrochemical deposition
functionalized CNTs are deposited using a nanospreader 
technique.  GaAs samples, with a 100-nm
seeding layer, are first electroplated with a 
layer.  The nanospreader [7] technique is then 
thin layer of CNTs by dragging at a constant velocity
meniscus of microliter suspension droplets of CNTs trapped 
between two plates.  Five layers of carboxylated 
successively deposited at a plate pull speed of 10 µ
samples are then plated with another 2-µm
creating a MMC film with a total thickness of
shows the nanospreader sample before the 
deposited (top SEM images) and a cross sectional view 
the 2nd Ag layer is deposited (bottom SEM images).  The 
cross-sectional SEM images show CNTs intercalating the Ag 
matrix.  These images suggest that surface functionalized 
CNTs adhere well to Ag and that these CNTs would bridge the 
microcracks that form upon strain-induced failure.

III. FUTURE WORK  

Mechanical characterization is currently being conducted on
MMC samples created by different CNT deposition 
techniques.  Nanoindentation will be used to characterize the 
mechanical properties, including hardness and elastic 

Fig. 5. Top SEM image: COOH-terminated CNT
40-nm-thick, sputter-coated Ag to clearly show Ag dissolution during 
negatively charged CNT deposition on positively biased working 
electrode.  Bottom cross-sectional SEM images: a cross
view of porous MMC structure after LBL deposition

 a positive bias must be 
, anode) to deposit CNTs.  

dissolves back into the solution 

to electrochemical deposition, 
using a nanospreader 

nm-thick PVD Ag 
a 2-µm-thick Ag 

then used to deposit a 
at a constant velocity the 

of CNTs trapped 
carboxylated CNTs are 

pull speed of 10 µm/s.  The 
µm-thick Ag layer, 
of ~4µm.  Figure 6 

before the 2nd Ag layer is 
and a cross sectional view after 

Ag layer is deposited (bottom SEM images).  The 
Ts intercalating the Ag 

These images suggest that surface functionalized 
Ag and that these CNTs would bridge the 

induced failure. 

is currently being conducted on 
created by different CNT deposition 

Nanoindentation will be used to characterize the 
mechanical properties, including hardness and elastic 

modulus.  These mechanical measurements 
determine the optimum CNT volume
thickness that result in enhanced mechanical
also conducting strain failure tests,
deposited on two adjacent plates are being pulled apart at 
micron increments until the conductivity along the MMC grid 
lines approaches zero upon plastic failure.  This is t
determine the ability of MMCs 
despite the microcracks forming in the substrate.
results show carbon nanotubes bridging 
microcracks. 
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