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Introduction
For the PV industry to attain grid parity 
and reach a place of sustainability, installed 
system efficiency must increase while 
installed system cost must decrease. The 

US Department of Energy has mandated 
significant cost reductions in order for PV 
to become and remain cost-competitive 
with traditional energy sources [1]. In 
addition to streamlining BOS costs 

and soft costs associated with electrical 
permitting and consumer financing, 
module- and cell-level improvements 
will impact the efficiency and cost of the 
final system. Numerous organizations 
have published cell-level improvements 
indicating the potential for high efficiency. 
However, many improvements come with 
additional processing steps and materials 
which, because of added capital expense, 
tend to negate potential gains.

 

“Contact metallization is one 
of the most expensive parts of 

Si solar cell fabrication.”
Contact metallization is one of the most 

expensive steps in Si solar cell fabrication, 
since a majority of cells receive screen-
printed thick-film Ag for the front-side 
collection grid. Over the past 40 years 
(see Fig. 1 [2]), the market price of Ag has 
seen dramatic shifts due to events like the 
Hunt brothers market-cornering scandal 
of 1980, as well as recent interest in Ag as 
an investment tool and the emergence of 
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ABSTRACT
The market price of Ag has fluctuated considerably over the past ten years and has impacted the manufacturing cost of Si 
solar cells and the price of Si PV. Reducing Ag consumption can decrease this cost; however, such reduction may come at 
the expense of cell performance. In order to address the issue of Ag cost reduction while maintaining high cell efficiency, 
phosphorus emitter profiles are tailored via POCl3 diffusion to create solar cell emitters displaying low saturation current 
density (J0e), variable electrically active surface phosphorus concentration ([Psurface]), and variable sheet resistance with 
the aim of reducing Ag consumption. By optimizing emitter diffusion conditions, it is possible to reduce screen-printed 
Ag paste consumption by 33% with no loss in cell performance. Using a screen-printable Ag conductor paste designed 
to contact low [Psurface] emitters, the performance of cells with screen-printed Ag paste dry masses of 200, 120 and 80mg 
is compared. By using a tailored low-J0e 55Ω/sq emitter, it is possible to achieve a high open-circuit voltage (Voc) and 
short-circuit current (Jsc) to yield average cell efficiencies of 18.64% and 18.73% for 120mg and 80mg Ag paste dry mass, 
respectively. This is compared with efficiencies of 18.52% for cells using state-of-the-art technology (industrial high [Psurface] 
65Ω/sq emitter with 120mg Ag paste dry mass). On the basis of a Ag market price of US$32/troy oz and an 85% by weight 
thick-film paste Ag metal content, a Ag front-side metallization cost of US¢2.11/W can be achieved by using 80mg Ag 
paste dry mass, which translates to a Ag cost saving of US$5.4M per year for a 500MW production line when compared 
with the Ag cost for state-of-the-art technology. Further cost analysis shows a 1.2% area-related balance of system (BOS) 
cost reduction and a US¢0.1/kWh reduction when comparing low-J0e 55Ω/sq modules and state-of-the-art modules. 
Calculations show that an additional 0.5% absolute efficiency for state-of-the-art modules is required, to compensate the 
efficiency gains and Ag cost reduction afforded by low-J0e 55Ω/sq modules.

This paper first appeared in the eighteenth print edition of the Photovoltaics International journal, published in November 2012.

Figure 1. Market price of Ag from January 1975 to August 2012 in US$ per troy oz. 
Lowest price was $3.56/oz in March 1993; highest prices were $49.45/oz in January 
1980 and $48.70/oz in April 2011 [2].
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Ag exchange-traded funds (ETFs) [3]. In 
the last ten years alone, the market price 
of Ag has fluctuated between $5 and $49 
per troy ounce, ultimately impacting the 
manufacturing cost of Si solar cells and 
the price of c-Si PV. Although Ag price has 
fallen from its recent peak in April 2011, in 
order to reduce the cost of solar electricity 
generated by c-Si PV, the amount of Ag per 
cell needs to be reduced. The International 
Technology Roadmap for Photovoltaics 
(ITRPV) predicts that Ag consumption 
at the cell level will fall to 50mg by 2017 
with the assumption that a transformative, 
manufacturable Cu-based metallization 
technology will be implemented by 2015 
[4]. However, since Ag is the primary 
conductor involved in minority-carrier 
collection, simply reducing Ag consumption 
may result in the loss of cell performance 
due to degradation of fill factor (FF) 
and increased series resistance (Rseries). 
Much effort has gone into research and 
development of metallization alternatives 
to Ag, such as Ni plating for the formation 
of Ni silicide contacts [5–6] as well as Cu 
plating and screen printing [7–11].

In addition to costs being lowered 
t h r o u g h  a  r e d u c t i o n  i n  m a t e r i a l 
consumption, solar cell performance must 
continue to rise in parallel. One potential 
route to achieving high efficiency is the use 
of lightly doped, low [Psurface] n+ emitters 
on p-type wafers. Lightly doped emitters 
are recognized for the potential for higher 
Voc and Jsc, through lower J0e and higher 
short-wavelength response, respectively 
[12]. Low [Psurface] emitters have been 
studied and produced by novel methods 
[13,14]; however, contacting such emitters 
with conventional screen-printed thick-
film Ag pastes is challenging and leads to 
very high Ag/Si contact resistance and 
high Rseries. Poor contact to lightly doped 
emitters using thick-film Ag pastes is most 
likely due to the insufficient formation of 
current-transport structures/pathways 
at the Ag/Si contact interface and/or the 
formation of insulating interfacial glass 
layers, both of which prevent an efficient 
transfer of minority carriers from the bulk 
Si to the Ag collection grid.

Recently, using standard POCl3 diffusion 
processes, Cooper et al. [15] demonstrated 

homogeneous n+ emitters showing low J0e 
and low [Psurface] that displayed low contact 
resistance using a screen-printable Ag 
conductor paste [16] specifically tailored 
to contact low [Psurface] emitters. Low-
milliohm Ag/Si-specific contact resistance 
values were observed for solar cells with 
emitter active [Psurface] as low as 9E19cm-3, 
and final Voc values as high as 637mV were 
achieved on a relatively low emitter sheet 
resistance of 65Ω/sq.

“To address the problem 
of excess Ag consumption, 

the emitter sheet resistance is 
reduced while maintaining  

high emitter quality.”
To address the problem of excess Ag 

consumption, contrary to conventional 
wisdom, the emitter sheet resistance is 
reduced while maintaining high emitter 
quality, as indicated by J0e, implied Voc and 
final Voc measurements. The reduction in 
sheet resistance allows lower gridline pitch 
for the standard three-busbar H pattern 
(65 gridlines reduced to 50 gridlines). The 
reduction in gridline pitch in combination 
with narrower gridlines (>100µm reduced 
to 75–85µm) results in ~0.2% higher 
average cell efficiencies while decreasing 
Ag consumption by 33% as compared 
with the industry state of the art. Using 
the average solar cell efficiency/paste mass 
combinations presented, we speculate on 
what impact such a Ag reduction and an 
efficiency increase will have on system costs.

Cell fabrication and 
characterization
Large area (239cm2) n+-p-p+ Si solar cells 
were fabricated on 1–3Ωcm B-doped Cz Si 
wafers of thickness 180–200µm. All wafers 
were anisotropically textured via KOH/
isopropanol solution to attain quadrilateral 
pyramid size in the range of 3 to 7µm. 
n+-p junctions were formed by POCl3 
tube diffusion in a Centrotherm furnace. 
Emitter sheet resistance and diffusion 
profile were manipulated by varying the 
time, temperature, POCl3 bubbler N2 
flow rate, and O2 flow rate of the furnace 
during diffusion. Following chemical edge 
isolation and phosphosilicate glass (PSG) 
removal, emitters were sunny-side coated 
with a SiNx anti-reflective coating using a 
Centrotherm PECVD reactor. All wafers 
were screen printed via a semi-automated 
ASYS printer with DuPont Solamet PV17F 
to form the three-busbar H grid patterns. 
Ag screen printing was controlled to 
deliver 200 and 120mg dry paste mass, 
forming 65 gridlines, and 80mg dry paste 
mass, forming 50 gridlines. Commercially 

Figure 2. Spreading resistance (SRA) and secondary ion mass spectrometry (SIMS) 
profiles for: (A) industrial 65Ω/sq; (B) low-J0e 75Ω/sq; and (C) low-J0e 55Ω/sq 
emitters.
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available Al and Ag/Al pastes were screen 
printed on the rear side of all wafers 
for the formation of an Al back-surface 
field (Al-BSF) and rear tabbing stripes, 
respectively. After each screen-printing 
event, wafers were dried at 175°C in an IR 
belt furnace for one minute and fired in a 
seven-zone IR belt furnace from TPSolar.

A Sinton WCT-120 Photoconductance 
Lifetime Tester was used to estimate J0e 
and implied Voc for each emitter via quasi-
steady state photoconductance decay 
(QSSPCD). Representative samples for J0e 
and implied Voc measurement were SiNx 
coated on both sides after PSG removal 
and subjected to simulated contact firing. 
J0e and implied Voc values are reported at 
one-sun illumination (1.6–6.7E14 carriers/
cm2 injection level). J0e is calculated 
from total J0 (J0 = Jsc/e(imp Voc•q/k•T), where 
Jsc = 37.3mA/cm2) by subtracting the 
bulk contribution (J0b = qni

2W/NAτbulk, 
where q is the fundamental charge, ni is 
the intrinsic carrier concentration, W is 
the wafer thickness, NA is the base dopant 
concentration, and τbulk is the minority 
carrier lifetime of the wafer) and dividing 
the result by two since J0e samples are 
two-sided symmetric structures [17]. 
Emitter doping profiles were measured 
via spreading resistance analysis (SRA) 
by Solecon Laboratories, Inc., and by 
secondary ion mass spectrometry (SIMS) at 
the National Renewable Energy Laboratory. 
Profile wafers were mirror polished and of 
a light base doping (15–20Ωcm resistivity) 
to allow [Psurface] and n+-p metallurgical 
junction depth to be accurately established. 
Profile wafers were diffused in the centre of 
a full Cz wafer diffusion to simulate tube-
packing conditions.

Comparison of industry state-
of-the-art and low-J0e emitters 
and solar cells
A series of n+ emitters displaying low 
J0e and variable [Psurface] were recently 
introduced in order to study the limits of 
low-resistance Ag thick-film contact [15]. 
In an extension of that study, the POCl3 
diffusion parameters were further refined, 
to create emitters with low [Psurface] and 
low J0e while keeping sheet resistance low. 
Starting from diffusion conditions which 
resulted in a 75Ω/sq emitter with low J0e 
and low [Psurface], the diffusion parameters 
were tuned to lower the sheet resistance to 
55Ω/sq without a penalty in J0e.

For comparison, this study includes a 
high [Psurface] 65Ω/sq emitter, which can 
be considered an industrial emitter easily 
contacted by most commercially available 
thick-film Ag pastes. Fig. 2 shows the 
dopant profiles for the industrial emitter 
(Fig. 2A) and two experimental emitters 
(Figs. 2B and 2C) used in the current study. 
Clear differences can be seen in [Psurface], 
in the depth of high [Psurface] near the 

wafer surface, and in the n+-p junction 
depth when comparing industrial 65Ω/
sq (Fig. 2A), low-J0e 75Ω/sq (Fig. 2B) and 
low-J0e 55Ω/sq (Fig. 2C) dopant profiles. 
In Fig. 2, electrically active [P] (red curve; 
SRA) and total [P] (blue curve; SIMS) 
are compared for each emitter. Samples 
for SRA and SIMS measurements were 
chipped from adjacent positions at the 
centre of profile wafers post-diffusion. A 
comparison of SRA and SIMS curves for 
the two experimental emitters reveals 
strong similarities as expected. However, 
the curves diverge sharply for the industrial 
65Ω/sq emitter between 0 and 40nm 
depth. This divergence is accounted for 
by the substantial inactive P or ‘dead layer’ 
associated with the industrial emitter. 
Comparison of SRA and SIMS curves for 
the two experimental emitters show little 
or no inactive P.

Table 1 shows active [Psurface], n+-p 
metallurgical junction depths based on 
device wafer resistivity, average implied 
Voc and average J0e for each emitter. 
Through emitter diffusion parameter 
tailoring, it was possible to achieve low 
J0e and high implied Voc values while 
decreasing emitter sheet resistance to 
55Ω/sq, allowing f lexibility in the Ag 
gridline pitch and total Ag consumption. 
The low J0e value of 149fA/cm2 observed 
for low-J0e 55Ω/sq compared to 394fA/
cm2 for industrial 65Ω/sq is most likely due 
to the negligible inactive P layer found in 
low J0e 55Ω/sq. A substantial ‘dead layer’, 
like that found in industrial 65Ω/sq, can 
lead to the formation of crystal defects 
and precipitates [17], thus degrading J0e. 
Indeed, it is speculated that the decrease 
in precipitates associated with ‘dead 
layer’ elimination leads to a reduction in 
Shockley-Read-Hall recombination in the 
emitter, increased emitter minority-carrier 
lifetime, and improved surface passivation 
potential via applied dielectric layers [18].

It  i s  p o ss i b l e  to  d e r i v e  su r f a ce 
recombination velocities (SRV) associated 
with the emitters used in this study 
through internal quantum efficiency 
(IQE) curve fitting using PC1D solar cell 
modelling software [19]. Details for the 
specific PC1D input parameters used for 
SRV extraction can be found in Cooper 
et al. [15]. The short-wavelength region of 
solar cell IQE (300–600nm) is influenced 

by emitter quality. PC1D fitting of this 
region, with specific experimental external 
reflectance and SRA profile inputs for 
each emitter, produced SRV values of 
1.2E5cm/s for industrial 65Ω/sq and 
3.5E4cm/s for both low J0e 75Ω/sq and low 
J0e 55Ω/sq. In agreement with measured 
J0e and implied Voc values, a comparison 
of industrial 65Ω/sq with low J0e 55Ω/sq 
reveals more than a factor of two difference 
in surface recombination, despite the 
similarity in sheet resistance.

Table 2 shows average l ight  I-V 
performance for solar cells fabricated with 
the three emitters studied above and the 
three Ag paste dry masses used for front-
side H grid pattern formation. Focusing 
first on the largest Ag paste mass (200mg), 
the average FF is greater than 0.79 for solar 
cells with each emitter. Previous specific 
contact resistance analysis of similar 
emitters showed contact resistance values 
ranging from 2 to 5mΩcm2 using a similar 
Ag conductor paste [15]. Such low contact 
resistance combined with full gridlines 
provided by 200mg Ag paste mass enables 
low Rseries.

As  Ag p a ste  ma ss  de c re a se d by 
reducing the Ag lay-down and number 
of gridlines, a higher solar cell Jsc, by up 
to 1mA/cm2, is seen, but also FF is lower 
and Rseries is higher (Table 2). The fall in 
FF and the rise in Rseries, observed as the 
Ag paste dry mass decreases, arise from 
lower Ag gridline conductivity due to 
narrower gridlines and greater gridline 
pitch as a result of using 50 gridlines 
as opposed to 65. Because of the lower 
FF  and higher Rseries, cells made with 
industrial 65Ω/sq and low-J0e 75Ω/sq 
emitters show a loss in efficiency, despite 
an increase in Jsc, when Ag paste dry 
mass is reduced to 80mg. However, the 
maximum efficiency observed for solar 
cells with a low-J0e 55Ω/sq emitter occurs 
for the lowest Ag paste dry mass (80mg).

“The true advantage of 
the low-J0e emitters is the 

higher final Voc.”
It is important to note that the true 

advantage of the low-J0e emitters is the 
higher final Voc. Solar cells made with the 

Emitter Active [Psurface] n+-p junction depth* Implied Voc** J0e**
 [atoms/cm3] [µm] [mV] [fA/cm2]

Industrial 65Ω/sq 3.5E20 0.33 631 394

Low J0e 75Ω/sq 1.4E20 0.44 654 120

Low J0e 55Ω/sq 2.5E20 0.52 652 149

* Based on device resistivity 

** Implied Voc and J0e values derived from QSSPCD measurements

Table 1. Average physical and electrical characteristics of industrial and low-J0e emitters.
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low-J0e 55Ω/sq emitter show a 5mV Voc 
gain over cells made with the industrial 
65Ω/sq emitter. This gain, combined with 
the higher FF that can be achieved because 
of a lower sheet resistance, enabled an 
average efficiency of 18.73% and a best 
efficiency of 18.89% to be realised using 
only 80mg Ag paste dry mass.

Impact of Ag reduction 
combined with higher 
efficiency on manufacturing 
and system cost
Given the extreme pressure on cell 
manufacturer profit margins these days, 
the cost of Ag consumption becomes a 
key figure of merit, provided cell efficiency 

remains comparable. Fig. 3 illustrates 
the US¢/W cost of Ag consumption 
for each emitter and Ag paste dry mass 
combination studied. Ag cost values are 
calculated from cell power output based on 
data in Table 2, US$32/troy oz Ag market 
price, and 85% by weight thick-film paste 
Ag metal content. Additional factors 
considered in the Ag cost calculation are 
2% waste during cell manufacture and 
90% cell yield. By comparing the Ag costs 
for 200 and 120mg Ag paste dry masses, it 
is seen that solar cells with a low-J0e 75Ω/
sq emitter show a slight advantage owing 
to the higher power output. However, the 
advantage shifts to solar cells with a low-
J0e 55Ω/sq emitter when 80mg Ag paste 
dry mass is used. Ag cost drops from 

US¢3.13/W for the 75Ω/sq emitter with 
120mg Ag paste dry mass, to US¢2.11/W 
for the 55Ω/sq emitter with 80mg Ag paste 
dry mass.

Ag market price volatility was illustrated 
in the introductory section of this paper. 
With potential Ag prices ranging from 
US$4/troy oz to US$50/troy oz, Table 3 
explores the impact of Ag market price on 
the cost of Ag for manufacturing solar cells 
with a low-J0e 55Ω/sq emitter + 80mg Ag 
paste dry mass (ηavg = 18.73%), as well as 
for cells with an industrial 65Ω/sq emitter 
+ 120mg Ag paste dry mass (ηavg = 18.52%). 
In the case of a 500mW production line, 
yearly Ag cost for cells made with a low-
J0e 55Ω/sq emitter + 80mg Ag paste dry 
mass range from US$2.8M to US$15.5M 

Emitter Paste mass [mg] Voc [mV] Jsc [mA/cm2] FF η[%] n factor Rseries [Ωcm2] Rshunt [Ωcm2]
 /gridline count

Industrial 65Ω/sq 200/65 630 36.8 0.793 18.35 1.06 0.53 4707

 120/65 630 37.3 0.789 18.52 1.03 0.69 5097

 80/50 630 37.7 0.767 18.21 1.02 1.10 5013

Low J0e 75Ω/sq 200/65 637 37.0 0.791 18.63 1.07 0.62 4222

 120/65 639 37.6 0.788 18.90 1.05 0.72 5359

 80/50 637 37.8 0.771 18.58 1.05 1.05 6665

Low J0e 55Ω/sq 200/65 635 36.6 0.798 18.53 1.07 0.49 5511

 120/65 635 37.2 0.790 18.64 1.05 0.68 4762

 80/50 635 37.6 0.784 18.73 1.03 0.81 4968

Table 2. Average light I-V characteristics of 239cm2 solar cells fabricated on industrial and low-J0e emitters.

Roth & Rau AG / An der Baumschule 6-8/ 09337 Hohenstein-Ernstthal / Germany
Phone + 49 (0) 3723 671 234 / www.roth-rau.com / sales@roth-rau.com

Hetero Junction Technology 
High efficiency cells at low cost of ownership

 Efficiency of 21% with further growth potential

 Cost-efficient production due to low temperature processes and a less complex production flow
 

 Further advantages on module and system level due to the superior low temperature coefficient

 Innovative connecting technologies (5-Busbar-connection; SmartWire connection)
 

 303watt record modules produced with Heterojunction Technology (21% efficiency cells)
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within the market price range given. At 
US$32/troy oz, the cost advantage for 
cells made with a low-J0e 55Ω/sq emitter 
+ 80mg Ag paste dry mass translates to a 
saving of US$5.4M per year over cells 
made with state-of-the-art industrial 65Ω/
sq + 120mg Ag paste dry mass – in other 
words, a saving of ~33%. Comparison 
of Ag cost for these two emitter/paste 
mass combinations is appropriate, since 
the current industry state of the art is 
120mg Ag paste dry mass on high [Psurface] 
emitters.

The cost analysis can be extended by 
observing the impact of the combined Ag 

reduction and cell efficiency gains observed 
here on system cost. For this analysis, the 
industry state-of-the-art cells (ηavg = 18.52% 
with 120mg Ag paste dry mass) and the 
low-J0e 55Ω/sq cells (ηavg = 18.73% with 
80mg Ag paste dry mass) are compared. 
First, average cell efficiencies are converted 
to module efficiency and corresponding 
module power. Since one module (area = 
1.635m2) is fabricated from sixty 239cm2 
cells, and the Cz wafers used are pseudo-
square, the ratio of cell to module area 
is 0.877 (1.434m2/1.635m2). With cell to 
module power loss of 4%, the state-of-the-
art module efficiency and power are 15.56% 

and 254.4W, respectively, and the low-J0e 
55Ω/sq module efficiency and power are 
15.73% and 257.2W, respectively.

T h e  0 . 2 %  a b s o l u t e  e f f i c i e n c y 
improvement observed for modules with 
cells having the low-J0e 55Ω/sq emitter + 
80mg Ag paste dry mass combination will 
lead to a reduction in area-related BOS 
costs since fewer modules will be needed 
for a common power output. (Area-related 
BOS takes into account installation labour, 
mounting hardware, support structures, 
interconnections, wiring and land required 
during PV system installation.) In general, 
the higher efficiencies achieved with low-
J0e 55Ω/sq modules results in area-related 
BOS costs that are 1.2% lower, representing 
a saving of US¢1.10/W [20].

“As the Ag market price 
changes, the required additional 

state-of-the-art module 
efficiency also changes.”  

To quantify the impact of Ag reduction, 
it is possible to calculate the additional 
absolute module efficiency required for 
a state-of-the-art module to compensate 
the Ag cost savings that are realized by 
using a low-J0e 55Ω/sq module [20]. The 
effect of Ag cost reduction is decoupled by 
assuming equal module power for the two 
compared technologies, and determining 
the additional module efficiency needed 
to cancel the Ag cost savings. Assuming 
a module price of US$0.70/W, in order to 
maintain the same module manufacturing 
cost the state-of-the-art module would 
need a 0.25% absolute higher efficiency to 
compete with the Ag cost savings afforded 
by low-J0e 55Ω/sq modules at the US$32/
troy oz Ag market price. Fig. 4 shows that, as 
the Ag market price changes, the required 
additional state-of-the-art module efficiency 
also changes. It is interesting to note that, at 
US$50/troy oz Ag market price, an absolute 
efficiency enhancement of up to 0.4% would 
be required for state-of-the-art modules to 
equal the cost of low-J0e 55Ω/sq modules. 
The results of this analysis, combined with 
the 0.2% absolute efficiency gain afforded 
by low-J0e 55Ω/sq modules, indicates that 
state-of-the-art modules would require a 
0.5% absolute higher efficiency in order 
to compensate these gains and for both 
module types to be equal in price.

“By optimizing emitter diffusion 
conditions, it was possible to 

reduce screen-printed Ag paste 
consumption by 33%, with no 

loss in cell performance.”
Figure 3. Average efficiency (%) and the cost (US¢/W) for front-side Ag consumption as 
a function of Ag paste dry mass. Calculation is based on US$32/troy oz Ag market price, 
85% by weight paste Ag content, and additional factors.

Ag market price  Ag cost: low J0e Ag cost: industrial Ag cost savings/yr*
[US$/troy oz] 55Ω/sq + 80mg [$M] 65Ω/sq + 120mg [$M] [$M]

4 2.8 4.2 1.4

10 4.4 6.7 2.2

25 8.6 13.0 4.4

32 10.5 15.9 5.4

50 15.5 23.5 8.0

* cost(industrial 65Ω/sq + 120mg) – cost(low J0e 55Ω/sq + 80mg)

Table 3. Potential cost savings per year for a 500MW production line at various Ag 
market prices.
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Summary
In order to address the issue of reducing 
the cost of Ag usage at the same time 
as maintaining high cell  efficiency, 
phosphorus emitter profiles were tailored 
via POCl3 diffusion to create solar cell 
emitters displaying low J0e and low [Psurface] 
while minimizing sheet resistance with 
the aim of reducing Ag consumption. By 

optimizing emitter diffusion conditions, it 
was possible to reduce screen-printed Ag 
paste consumption by 33%, with no loss 
in cell performance. A screen-printable 
Ag conductor paste designed to contact 
low [Psurface] emitters was used, and the 
performance of cells with screen-printed 
Ag paste dry masses of 200, 120 and 80mg 
was compared. By using tailored low-

J0e 55Ω/sq emitters, higher values of Voc 
and Jsc were able to maintain or increase 
average efficiencies to 18.64% and 18.73% 
for cells with 80mg and 120mg Ag paste 
dry weight, respectively. In comparison, 
an average efficiency of 18.52% was 
achievable for cells made using state-
of-the-art technology (industrial high 
[Psurface] emitter with 120mg Ag paste dry 
mass). On the basis of a Ag market price 
of USD$32/troy oz and thick-film paste 
Ag metal content of 85%, a Ag front-side 
metallization cost of US¢2.11/W can 
be realized by using 80mg Ag paste dry 
mass. This figure represents cost savings 
of 33% and 60%, respectively when 
compared with Ag costs of US¢3.19/W 
and US¢5.44/W for traditional, industrial-
type emitters using 120–200mg Ag paste 
dry mass. Further analysis shows that 
area-related BOS costs for low-J0e 55Ω/
sq modules will be 1.2% lower (owing to 
higher power output) than for state-of-
the-art modules. Calculations show that 
an absolute module efficiency of 0.25% is 
required for state-of-the-art modules to 
offset the Ag cost reduction afforded by 
low-J0e 55Ω/sq modules at current Ag 
market prices. Finally, in order for state-
of-the-art technology to compensate the 
combination of 0.2% absolute efficiency 
gain and Ag cost reduction afforded by 
the low-J0e 55Ω/sq technology, an absolute 
efficiency enhancement of 0.5% would be 
required.

Figure 4. Additional state-of-the-art module efficiency required to offset low-J0e 55Ω/sq 
module Ag cost savings as a function of Ag market price.
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