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ABSTRACT 
 
This paper reviews methods for creating solar cell grid 
contacts and explores how cell efficiency can be increased 
using CAB-DWTM.  Specifically, the efficiency of p-i-n 
structure solar cells built in-house with 90 μm sputtered 
lines and 5 μm CAB-DW lines were compared.  
Preliminary results of the comparison show a marked 
improvement in solar cell efficiency using CAB-DW.  In 
addition to this, a theoretical and experimental analysis of 
the dynamics of particle impaction on a substrate (i.e. 
whether particle stick or bounce) will be discussed 
including how this analysis may lead to further 
improvement of CAB-DW.   
 

INTRODUCTION 
 

There is a thrust to increase the efficiency of solar cells by 
improving the top-contact metallization layer. Both the 
contact resistance and the percentage of shaded area play 
a vital role in the overall cell efficiency. Screen printing has 
been the standard method for preparing the grid 
metallization layer on crystalline silicon with linewidths 
around 100 μm being typical. As wafer thicknesses are 
reduced to lower cost, loss due to wafer breakage can be 
minimized using non-contact methods such as ink-jet and 
aerosol deposition. Under appropriate conditions, it has 
been shown that printing the metallization layer with 
smaller dimensions (i.e., decreased trace-width per trace) 
allows minimized shaded areas leading to increased 
overall cell efficiency.  
 
Piezoelectric ink-jet is one direct-write method that has 
been used for printing grid contacts on silicon solar cells 
where 30-40 μm trace-widths were reported [1]. Trace-
widths 10-15 μm have been reported for an aerosol-based 
direct-write technique developed by Optomec [2]. The 
integration of this aerosol jet technology, termed 
Mesoscale Maskless Materials Deposition (M3D™), into 
silicon solar cell manufacture is under joint development 
by Optomec and Manz Automation AG. Additionally, 
researchers at Fraunhofer Institute for Solar Energy 
Systems have reported the use of metal aerosol jet 
printing for metallization of silicon solar cells with trace-
widths to 14 μm [3]. To date, the minimization of trace-
width has been limited to empirical optimization of the inks 
coupled with the deposition conditions.  
 

Our group has recently become active in the area of 
aerosol-based deposition given the applicability to flexible 
electronics such as RFID sensor tags [4]. Through a 
combined theoretical / experimental approach, a key 
discovery led to the development of Collimated Aerosol 
Beam-Direct Write (CAB-DW™) where Ag trace-widths 
less than 5 μm have been realized. Initial modeling 
showed that the Saffman force upon the aerosol stream in 
a microcapillary affects the flow of micron-sized 
droplets/particles [5]. A three-nozzle system was 
subsequently modeled and fabricated thus demonstrating 
collimation of the aerosol beam within a microcapillary [6]. 
Both Ag and Si materials have been deposited via CAB-
DW™ using liquid precursor inks [7] and the technology is 
being actively licensed [8]. 
 
For the biggest impact in back-end solar cell processes, a 
deeper appreciation of the underlying physics of aerosol 
beam direct write is warranted. We have therefore 
extended our basic research by using particle imaging to 
reveal how precursor ink properties affect line quality.  
 
Although it is today impossible to monitor the dynamics of 
individual ~1 μm aerosol droplets impinging a substrate at 
~100 m/s, it is possible to characterize overall line quality 
and view single particles near the substrate with particle 
image velocimetry (PIV) and shadowgraphy. Toward that 
end, the interactions of aerosol particles with the substrate 
(i.e., whether particles stick or bounce) was monitored. We 
will also discuss our preliminary results for CAB-DW™ of 
Ag grid lines on silicon heterojunction solar cells. 
 

EXPERIMENTAL METHODS/DISCUSSION 
 
Drop impaction on a substrate  
At present, aerosol-based direct-write technology suffers 
from “overspray” that is reported as deleterious for the 
manufacture of printed electronics such as displays, smart 
cards, RFID tags, sensors, solar cells and batteries where 
precise drop placement and deposition is required [4]. 
There are two possible reasons for overspray:  
(1) splashing when a liquid droplet strikes a substrate; and 
(2) lack of control over the beam that gives spots of 
deposited material outside the desired line width. The case 
for droplet splashing is now considered.  
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An up-to-date review of the interaction of liquid droplets 
impinging substrates has been presented by Yarin [9]. A 
similar evaluation specific to the inkjet printing processes 
has also been recently published [10]. In general, the 
forces that control this phenomenon (i.e., inertia, viscosity 
and surface tension) are embodied in the following three 
dimensionless parameters:  Reynolds number 

µρ /Re vd= , describes the ratio between inertial and 
viscous forces in a fluid with dynamic viscosity µ, density 
ρ, droplet velocity v  and diameter d; Weber number 

σρ /2vdWe = , describes the ratio between droplet kinetic 
energy and surface energy where σ is the surface tension; 
Ohnesorge Number dWeOh ρσµ /Re/2/1 ==  describes 
the ratio between viscous and surface forces.  
 
The droplet splashing limits for impact over dry and wet 
solid substrates may be defined in terms of a 
dimensionless parameter 4.0−= OhWeK [11]. For impact on 
a substrate covered by a liquid film of thickness h, the 
conditions for splashing have been experimentally 
determined as Equation 1 [11]: 

 

11.0,/,58802100 44.1 <<=+=> HdhHHKK h          (1)                             

 

For impact on a dry solid substrate the conditions for 
splashing depend on the roughness of the substrate ε, as 
Equation 2 [11,12]: 

 

dRRKK /,76.3649 63.0 εε =+=> −                                (2)                                             

 

For the case of aerosol-based direct-write technology the 
ranges for We and Oh can be estimated based on the 
following data for aerosol-based deposition. The ink being 
used is a mixture of ethylene glycol, Ag nanoparticles and 
water. Density of the ink can be estimated as ρ=2000 
kg/m3 which mainly depends on amount of nanoparticles 
dispersed in the ink. Based upon ink composition, surface 
tension coefficients and viscosity can be roughly estimated 
as σ = 6.34 X 10-2 N/m and μ = 6.28 X 10-3 N·s/m, 
respectively. In the experiments [11, 12, 13], particle 
velocity, ν, was in the range of 75 and 90 m/s and particle 
diameter, d,  between 2 and 4 µm. These estimates give 
the following parameters for CAB-DW of Ag lines: 

 
21 WeWeWe << ,      1022,345 21 ≈≈ WeWe  

21 OhOhOh << ,      4.0,28.0 21 ≈≈ OhOh   

21 KKK << ,       1700,500 21 ≈≈ KK  
From these rough order of magnitude calculations, it is 
clear that splashing will not likely occur for aerosols 
impacting a wetted substrate for any thickness of the liquid 
film (see Eq. (1)).  

In case of deposition on dry substrate, splashing will 
depend on surface roughness. In case of relatively smooth 
substrates with surface roughness about ε = 1nm, from 
Eq. (2) one can show that critical Kε values will vary from 
1100 to 1350. Thus, splashing may or may not occur for 
aerosol-based deposition on a dry substrate when 
roughness is low. To our knowledge, there are no reports 
where evidence of splashing has been confirmed or 
denied under similar parameters (i.e., v = 90 m/sec and d 
= 2 μm). 
 
We have recently began investigating this parameter 
space using a shadowgraphy system (La Vision GmbH, 
Goettingen, Germany) to visualize aerosol particles 
impinging a glass substrate. The system consists of a 
double-frame camera and lens system with back 
incoherent illumination provided by syncronized Nd:YAG 
lasers pumping a dye laser with the dye laser output sent 
through a Fresnel lens. A schematic of this can be seen in 
Fig. 1.  
 

 
Figure 1. Schematic of shadowography system used to 
visualize drop impaction.  
 
Double-frame experiments were conducted with the 
following parameters: 125 μm nozzle; 20 SCCM carrier 
gas; 20 SCCM sheath gas; 0.3 and 0.5 mm/s stage 
velocity; 2 mm nozzle-to-substrate height; 0.4 μs between 
frames; and, a 10ns pulse duration. The ink used was a 
mixture of 33% ethylene glycol in deionized water.  
 
A set of pictures of a single aerosol droplet before and 
after impact are shown in Figure 2. In this figure, the 
aerosol beam is directed normal to the substrate such that 
particles appear to have moved downward in the 
subsequent image. It appears that an in-flight particle is 
impinging the leading face of a liquid film with no 
rebounding or satellites observed. Additional information 
can be ascertained from the shadowgraphy images where 
average particle size was 2.66 ± 0.44 μm and the vertical 
velocity of the particles was 86.7 ± 3.8 m/s. These initial 
results suggest that droplet splashing is not the major 
factor for overspray. Rather, it appears to be related to 
limited control of the aerosol beam. Toward that end, a 
deeper understanding of beam control shall lead to further 
improvement of the technology with respect to minimized 
overspray and finer pitch deposits.  
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Figure 2. A double image of a single aerosol particle 
impacting a substrate.  
 
Solar Cell Test Structures 
Silver top contacts for the solar cell were printed as the 
final step in a heterojunction with intrinsic thin layer (HIT) 
solar cell prototype (Fig. 3). An eight inch p-type (1 Ω·cm) 
wafer 0.5 mm in thickness was used as the substrate for 
these prototypes. Ohmic contact was made by sputtering 
(Kurt Lesker CMS-18) a trilayer of Cr/Al/Au at a thickness 
of 100/150/75 nm. The wafer was next placed into a 
PECVD system (Oxford Plasmalab 100+) and thin layers 
of intrinsic (10 nm thick) and n-type (30 nm thick) silicon 
were grown using disilane and phosphine as the precursor 
gases with H2 dilution. The PECVD processes used in this 
study are similar to those previously reported by 
Centurioni et al. [14]. 
 

 
Figure 3. HIT solar cell prototype structure.  
 
The transparent lateral electrode was an indium tin oxide 
(ITO) layer about 100 nm in thickness. Films were 
prepared in-house by either sputtering or by atmospheric-
pressure plasma deposition (APPD) with sheet resistances 
of ~5kΩ/□ and ~ 1kΩ/□, respectively. It should be pointed 
out that the ITO sputtering process was not optimized prior 
to this experiment.  
 

Deposition of Ag top contact grid array 
The solar cell test structures were finished by depositing 
Ag grid lines by either sputtering or CAB-DW. Sputtered 
Ag 150 nm in thickness utilized a shadow mask with 90 
μm linewidths and 590 μm spacing. The initial CAB-DW 
experiments targeted this same linewidth and spacing.  
The utility of the CAB-DW process was investigated by 
selecting much smaller tracewidths of 5 μm with spacings 
of either 37 or 74 μm and line thickness around 500 nm. In 
all instances, the total length of the Ag grid lines was 1 cm.  
 
The CAB-DW experiments utilized a Ag nanoparticle 
(primary particle size = 50 nm) ink from NanoSize Ltd. 
After printing, the Ag was annealed in a nitrogen 
atmosphere (less than 0.5 ppm O2) for 60 min at 225 °C. 
Resistivities in the range of 5 μΩ·cm  (i.e., about three 
times bulk Ag) are generally observed for this recipe [4].  
 
Photographs of the Ag grid lines deposited by CAB-DW 
are shown in Figure 4 for both the 90 μm (Fig. 4a) and 5  
μm (Fig. 4b) lines. Both samples are 1 cm X 1 cm and the 
total amount of shadowed area is calculated to be a 
constant around 15%.  

 

 
Figure 4. Photographs of Ag top grid arrays prepared by 
CAB-DW with (a) 90 μm and (b) 5 μm traces.  
 
Testing of Solar Cells 
Solar cells were tested using a PV Measurements Inc. 
(Boulder, CO) Solar Cell Tester. Illumination is provided by 
a tungsten lamp and conditioned through an atmospheric 
spectrum filter to obtain AM 1.5 global illumination for an 
area of 1 cm2. Light intensity was calibrated using a GaAs 
solar cell (18.9% efficient). IV data were obtained using 
Labview software and a Keithley 2400 sourcemeter. Solar 
cells were aligned and held in place with a specially 
designed mount that has a front contact with indium metal 
and a round-tipped probe as a back contact. This test jig is 
shown in Figure 5. 
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Fig. 5 Solar cell test jig.  

 
The solar cell test results reveal that the top metallization 
layer has a dramatic effect on device performance. A 
marked improvement was noted for CAB-DW versus 
sputtered with 90 μm and 5 μm CAB-DW lines exhibited 
improved device efficiencies of 31% and 230%, 
respectively. It is also interesting to note that reducing the 
number of 5 μm traces in half (i.e., 74 μm spacing) gives 
an 83% increase in efficiency versus the sputtered silver.   
 
This improvement in efficiency is likely due to decreased 
series resistance given the smaller spacing between metal 
contacts and the reduced distance the carriers are 
required to travel through the semiconducting ITO. 
Perhaps part of this marked difference relates to the high 
sheet resistance in the ITO layer whereby more closely 
spaced opaque grids leads to enhanced collection of the 
carriers into the external circuit.  
 
ITO films prepared by APPD were finished by CAB-DW of 
Ag with 5 μm tracewidths and 74 μm spacing. The 
preliminary outcome of this study shows the cell 
prototypes fabricated from APPD exhibit efficiencies about 
50% of those that utilized sputtered ITO. This is 
counterintuitive as the sheet resistance of the former is 
about five times better than the later and we tentatively 
ascribe this effect to difference in the n-type Si / ITO 
interfaces.  
 

CONCLUSION 
 
Results from the test reveal several interesting points:  
1) CAB-DW for silver metallization layer is feasible;  
2) Reducing trace width, while maintaining constant 

shadowed area, improves solar cell performance;  
3) Comparable performance between sputtered and 

printed Ag contacts can be obtained while utilizing only 
half the material with ~5μm printed lines; 

4) 230% improvement in efficiency is observed for 5 μm 
printed versus 90 μm sputtered trace grid arrays; 

5) Atmospheric pressure plasma for the deposition of ITO 
has been shown to produce viable solar cells; and, 

6) The deposition of ink using CAB-DW can be visualized, 
and perhaps further improved by reducing unwanted 
overspray.  
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