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Quantitative Series Resistance Imaging of Photovoltaic Cells

Field of the Invention

The present invention relates to the characterisation of photovoltaic cells, and in particular to
methods for quantitatively determining the spatiél variation of series resistance across
photovoltaic cells. However, it will be appreciated that the invention is not limited to this

particular field of use.

‘Related Applications

The present application claims priority from Australian provisional patent application No

2011901442, the contents of which are incorporated herein by reference.

Background of the Invention

Any discussion of the prior art throughout this specification should in no way be considered
as an admission that such prior art is widely known or forms part of the common general

knowledge in the field.

Production of a photovoltaic (PV) cell typically beginé with a bare watfer of a semiconductor

material such as p-type (e.g. boron-doped) multicrystalline (mc) or monocrystalline silicon.

Dﬁring a typical production process an n-type emitter layer is formed on the front surface of
the wafer, e.g. by phosphorus diffusion, followed by formation of a metal grid by screen
printing or a plating procesé. ‘The metal grid typically comprises multiple fingers connected
to one or more bus bars. The remaining p-type part of the wafer (the ‘base”) is also contacted
by metallisation of the entire rear surface, providing the other cell terminal. Various other
metallisation patterns are also known; for example some ceil designs have a metal grid on |
both the front and rear surfaces, while others have metal contacts on the rear surface only, or
have point contacts on the rear surface instead of full area metallisation. In operation, above
band-gap photons generate electron-hole pairs in the silicon, some of whicﬁ are collected by
the p-n junction creaﬁng majority carrier currents in the n- and p-type silicon lay¢rs. This

current flows laterally along the emitter layer to the metal fingers, thence along the fingers
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and the bus bars to be extracted as current from the cell terminals. The same current flows

through the base silicon layer and associated metal contacts.

Regions of a good quality PV cell are laterally connected in parallel via low series resistance.
One common mode of PV cell failure or undesirably low e.fﬁc'iency is that regions become
electrically isolated from each other or poorly connected, disrupting the carrier flow. For
example metal fingers can break during manufacture, or be formed with small
discontinuities, particularly during screen printing of designs with extremely thin fingers to’
maximise the exposed silicon surface area. Electrical current generated in the vicinity of
broken fingers cannot be collected as effectively, resulting in a reduction of cell efficiency.
Other failure modes that can disrﬁpt current flow, and therefore increase the local seties
resistance, include high contact resistance between the metal fingers or the rear contact and

the respective silicon surface, and cracks in the silicon.

Despite the fact th‘at. such failure modes are responsible for significant rejection rates of PV
cells, they often cannot be identified by existing inspéction techniques (e.g. machine vision
optical inspection) with sufficient speed for inspecting every cell, or at least a significant
fraction of the cells, coming off a production line that currently may operate at up to 1800 or
even 3600 wafers per hour. Although machine vision can often detect broken ﬁngers, it
cannot discern areas with high contact resistance. Current-voltage (IV) testing, performed
rqutinely by PV cell manufacturers on finished cells, can determine global series resistance
and therefore identify defective cells, but gives no information as to the locationv or cause of

high series resistance (i.e. defective) regions.

Several inspection techniques based on luminescence imaging have been proposed for,
identifying poorly connected or electrically isolated regions of silicon PV cells, with the
luminescence generated cither by optical excitation, electrical cxcitatidn or a combination
thereof, e.g. optical excitation with simultaneous current injection or extraction. In general,
‘electrical excitation’ can include applying a 'voltage or load across the cell terminals, or

injecting current into or extracting current from the cell terminals. For the purposes of this
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specification we will refer to an image of luminescence generated by application of a voltage
as an electroluminescence (EL) image, and to an image of luminescence generated by
application of optical excitation alone as a photoluminescence (PL) image. Descriptions of
these ‘series resistance imaging’ techniques can be found for example in published PCT
patent application Nos WO 07/128060 A1, WO 09/129575 AT and WO 11/023312 A1,
published US application No US 2011/0012636 A1, J. Haunschild er al. Phys. Status Solidi
RRL 3(7-8), 227-229 (2009), and O. Breitenstein ef al. Phys. Status Solidi RRL 4(1), 7-9
(2010). A common factor in these techniques is the acquisition and comparison of two or
more images of luminescence generated under different excitation conditions, usually to
produce different current flows within the sample cell. Ideally, a series resistance imaging
measurement should take less than a second, to keep up with the ~3,600 wafers per hour

throughput of current silicon PV cell lines.

The method disclosed in US 201 170012636 A1 (hereinafter the <636 method’) is ‘non
contéct"in that only optical excitation is applied, with no requirement for electrical contact to
the sample cell. This is advantageous in terms of measurement time and the reduced risk of
cell breakage, however the technique is purely qualitative: a voltage difference image of a
cell is generated that reveals areas with relatively high and low series resistance, but there is
no guidance as to how one might QUantify the series resistance across the sample cell. On the
other hand the methods disclosed in WO 2009/129575 A1 provide quantitative values for
series resistance across a sample cell, but electrical contact is required for at least some of the
imaging measurements. Furthermore these methods are relatively slow, requiring the
acquisition and processing of several images; because intcrpolation or extrapolation of data is

involved, greater accuracy is obtained with more images.

Summary of the Invention

It is an object of the present invention to overcome or ameliorate at least one of the
disadvantages of the prior art, or to provide a useful alternative. It is an object of a preferred
form of the present invention to provide rapid methods for quantifying the spatial variation of

series resistance across photovoltaic cells. It is an object of another preferred form of the
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- present invention to provide non-contact methods for quantitatively measuring the spatial

variation of series resistance across photovoltaic cells..

In accordance with a first aspect of the present invention there is provided a non-contact
method for calculating the reduction in terminal voltage caused by-current extraction, AV, in
a series resistance imaging measurement on a photovoltaic cell having a front surface with

one or more bus bars, said method comprising the steps of: o

(i) exposing said cell to an illumination pattern with excitation light suitable for
generating luminescence from said cell such that a first portion of said front surface
receives substantially less illumination intensity than a second portion of said front

surface, said first and second portions being on opposite sides of a bus bar; .

(ii) measuring a first luminescence signal Ly, from a first selected region of said

front surface within said first portion;

(iii) measuring a second luminescence signal L, from a second selected region of said

front surface within said second portion;

- (iv) exposing said cell to uniform illumination with said excitation light, and
measuring a third luminescence signal L, from a third selected regi'on of said front

surface; and

(v) calculating AV, using the equation

AV, = —/fz—ln(ﬁmLic )
2¢ (L *L darkx
In certain embodiments the first, second and third selected regions are preferably all équal in
area. In other egnbodimenis the first, second and third selected regions are not all equal in
area, and the first, second and third luminescence signals are area-averaged. In certain
embodiments the third selected region corresponds to the first selected region or to the
second selected region. In other embodiments the third selected region corresponds to a

combination of the first and second selected regions. In yet other embodiments the third

_selected region corresponds to the entire cell area.
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The illumination pattern is preferably produced using one or more filters selected to attenuate
the excitation light and transmit the luminescence. Preferably, the illumination intensity

applied to the first portion is zero.

In accordance with a second aspect of the present invention there is provided a non-contact
method for calculating the reduction in terminal voltage caused by current extraction, AV, in
a series resistance imaging measurement on a photovoltaic cell having a front surface with

one or more bus bars, said method comprising the steps of:

(1) exposing said cell to a first illumination pattern with excitation light suitable fdr
generating luminescence from said cell such that a first portion of said front surface
receives substantially less illumination intensity than a second portion of said front
surface, said first and second portions being on opposite sides of a bus bar, and
measuring a first luminescence signal Ly, from a first selected region of said front

surface within said first portion;

(ii) exposing said cell to a second illumination pattern, complementary to said first
illumination pattern, such that said first portion receives substantially more
illumination intensity than said second portion, and measuring a second luminescence

signal L, from a second selected region of said front surface within said first portion;

(iii) exposing said cell to substantially uniform illumination with said excitation light,’
and measuring a third luminescence signal L,. from a third selected region of said -

front surface; and

(iv) calculating AV, using the equation

2
av, = T m(-——-[‘——J

2e L.r * Ldur[r,x

In preferred embodiments the first, second and third selected regions are all equal in area.
More preferably, the first, second and third selected regions are the same region. In other
embodiments the first, second and third selected regions are not all equal in area, and the
first, second and third luminescence signals are area-averaged. In certain embodiments the

third selected region corresponds to the entire cell area.
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The first and second illumination patterns are preferably produced using one or more filters

~ selected to attenuate the excitation light and transmit the luminescence. Preferably, zero

‘illumination intensity is applied to the first portion in step (i) and to the second portion in step

(ii).

In accordance with a third aspect of the present invention there is provided a method for
calculating the local current density extracted over the local series resistance, Jz;,, in a series .
resistance imaging measurement on a photovoltaic cell having a front surface with one or

more bus bars, said method comprising the steps of:

(1) acquiring a first luminescence image of said cell under substantially uniform

~ illumination with excitation fight suitable for generating luminescence from said cell;
(i) acquiring a second luminescence image of said cell under current extraction;

(iii) measuring or estimating a value for the short circuit current density of said cell,
Jsc; and
(iv) calculating Jg,; using the equation

_ (LA,z' B Ll)’,z)

Jliv,i - J

1- X
V]

Ay

where L4, and Lg; are the local luminescence intensities in said first and second
luminescence images.
Preferably, the second luminescence image is simulated by combining two or more
luminescence images acquired when the cell is exposed to patterned illumination with

excitation light suitable for generating luminescence from the cell.

In accordance with a fourth aspect of the present invention there is provided a method for
quantitatively measuring variations in séries resistance across a photovoltaic cell, said
method comprising the steps of:

(i) acquiring a qualitative series resistance image of said photovoltaic cell using a

combination of two or more images of luminescence gencrated from said cell by optical
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excitation, electncal exmtatmn or a combination thereof, said electrical excitation compnsmg
applying a voltage or 1oad across contact terminals of said cell, or injecting current into or
extracting current from contact terminals of said cell;

(ii) measuring, estimating or calculating a value for AV}, the reduction in terminal
voltage of said cell caused by current extraction;

(iii) measuring or estimating a value for Js» the short circuit current density of said
cell; and ' |

(tv) combining said AV, and J,. values with said qualitative series resistance image to

calculate absolute series resistance values across said cell.

Preferably, the value for AV, is calculated from luminescence measurements made during the

acquisition of the qualitative series resistance image. More preferably, the value for AV, is
calculated by the method according to the first or second aspect of the present invention. In
preferred embodiments the qualitative series resistance image is acquired without making

electrical contact to the cell.

In certain embodiments the value for.J;. is used to calculate local values for Jg;,, the local
current density extracted over the local series resistance, using the equation:

L, ~Ly,
L= Ls)

JR.\‘:/ = L Y
A

where L, are the local luminescence intensities in an image of luminescence generated from
the cell with substantially uniform optical excitation, and Lg; are the local luminescence '
intensities in an image of luminescence generated from the cell with a combination of
subsiantially uniform optical excitation and current extraction. In other embodiments the
value for J is used to calculate local values for Jg,,, the local current density extracted over

the local series resistance, using the equation:

L, —L,)
JRA.I- - ( A /i..)JSC
’ Ly, :

where L; are the local luminescence intensities in an image of luminescence generated from

the cell with substantially uniform optical excitation, and Lg, are the local luminescence
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intensities in one or more images of luminescence generated from the cell using one or more

optical excitation patterns.

In preferred embodiments, local values for the series resistance of the photovoltaic cell, &, ;,

are calculated usinghthe equation:
R =2
™ ']I&s*,i
wherein AV, is calculated using the eqliation:
AV, =AV,-AV,, . T

wherein Ay, values are obtained from the qualitative series resistance image.

fn accordance with a fifth aspéct of the present invention there is provided a non-contact
method for measuring variations in series resistance across a photovoltaic cell having a front
surface with one or more bus bars, said method comprising the steps of:

(i) exposing said cell to a first patterned illumination with excitation light suitable for
gencrating luminescence from said cell such that a first portion of said front surface receives
substantially less illumination intensity than a second portion of said front surface, said first
and second portions being on opposite sides of a bus bar, wherein said first patterned

illumination is produced with one or more filters selected to attenuate said excitation light

~ and transmit said luminescence;

(ii) acquiring a first image of luminescence generated from said ce\ll‘ by said first
patterned illumination;

(iii) exposing said cell to uniform illumination with said excitation light;

(iv) acquiring a second image of luminescence generated from said cell by said
uniform illumination; and

(v) processing said first and second images to determine variations in series resistance

across said cell.

Preferably, the first and second images are further processed to determine absolute values of

series resistance across the cell.
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In certain embodiments, the method further comprises the steps of:

(vi) exposing the cell to a second patterned illumination with the excitation light, the
second patterned illumination being complementary to the first patterned illuminatioﬁ and
produced with one or more filters selected to attenuate the excitation light and transmit the
luminescence;

(vii) acquiring a third image of luminescence generated from the cell by the second
patterned illumination; and |

(viii) processing the first, second and third images to determine variations in series

resistance across the cell.

Preferably, the first, second and third images are further processed to determine absolute

values of series resistance across the cell.

The filters are preferably selected to block substantially all of the excitation light..

In accordance with a sixth aépect of the present invention there is provided a non-contact

‘method for identifying conductance defects in a photovoltaic cell precursor having a front

surface with a selective emitter structure, said method comprising the steps of:

(i) exposing said precursor to a first patterned illumination with excitation light
suitable for generating luminéscence from said precursor such that a first portion of said front .
surface receives substantially less illumination intensity than a second portion of said front
surface, said first and second portions being on opposite sides of a section of said selective
emitter structure onto which a bus bar is to be deposited, wherein said first patterned
illumination is produced with one or more filters selected to attenuate said excitation light
and transmit said luminescence;

(i) acquiring a first image of luminescence generated from said precursor by said first
patterned illumination; |

(iii) exposing said precursor to uniform illumination with said excitation light; .

(iv) acquiring a second image of luminescence generated from said precursor by sr;id

uniform illumination; and
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(v) processing said first and second images to identify conductance defects in said

precursor.

Preferably, the method further comprises the steps of:

- (vi) exposing the precursor to a second patterned illumination with the excitation
light, the second patterned illumination being complementary to the first patterned
illumination and produced with one or more filters selected to attenuate the excitation light
and transmit the luminescence;

(vii) acquiring a third image of luminescence generated from the precursor by the
second patterned illumination; and |
(viii) processing the first, second and third images to identify conductance defects in

the precursor.

The filters are preferably selected to block substantially all of the excitation light.

In accordance with a seventh aspect of the present invention there is provided a system when
used to implement the method according to any one of the first to sixth aspects of the present

invention.

In accordance with an eighth aspect of the present invention there is:provided an article of

manufacture comprising a computer usable medium having a computer readable program

- code configured.to implement the method according to any one of the first to sixth aspects of

the present invention, or to operate the system according to the seventh aspect of the present

invention.

Brief Description of the Drawings

Benefits and advantages of the present invention will become apparent to those skilled in the
art to which this invention relates from the subsequent description of exemplary

embodiments, taken in conjunction with the accompanying drawings, in which:

Figs 1(a) and 1(b) show in plan view and side view a schematic of a typical photovoltaic cell;
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Fig. 2 illustrates various contributions to the series resistance at a given region of a typical

photovoltaic cell;

Figs 3(a) and 3(b) show spatially inhomogeneous illumination patterns that may be used to
generate series resistance imagés of a photovoltaic cell via non-contact luminescence
imaging;

Figs 4(a) and 4(b) illustrate the use of long-pass filters to produce inhomogeneous -
illumination patterns, while allowing luminescence to be measured from both the illuminated

and non-illuminated portions;

-

. Fig. 5 illustrates the measurement of luminescence from a non-illuminated portion of a
photovoltaic cell when an inhomogeneous illumination pattern is produced with an opaque

shutter;
Fi g; 6 shows light and dark IV curves for a typical silicon photovoltaic cell;

Figs 7(a), 7(b) and 7(c) illustrate the acquisition of luminescence signals useful for the
determination of quahtitative series resistance data for a photovoltaic cell via non-contact

luminescence imaging according to an embodiment of the invention;

Fig. 8 illustrates the acquisition of luminescence signals useful for the determination of
quantitative series resistance data for a photovoltaic cell via non-contact luminescence

imaging according to-another embodiment of the invention;

Fig. 9 shows a quantitative series resistance image of a photovoltaic cell acquired according

to an embodiment of the invention; and

Fig. 10 shows in plan view a silicon wafer with a patterned emitter structure.

Detailed Description

Preferred embodiments of the invention will now be described, by way of example only, with

reference to the accompanying drawings.

Figures 1(a) and 1(b) show in plan view and side view a schemati¢ of a typical PV cell 2
comprising a p-type silicon wafer 4 with an in-diffused n-type emitter layer 6, metal fingers 8

and bus bars 10 on the front surface, and a metal contact layer 12 covering the rear surface.
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As illustrated in Figure 2, and recalling that photo-generated currents are transported via the

emitter layer to the metal fingers and thence along the fingers and bus bars to the cell

terminals, the series resistance at a given cell region 14 is given primarily by the sum of
contributions from the emitter resistance 16 between that cell region and the adjacent
finger(s), the contact resistance 18 between the emitter layer and the fingers, the resistance 20
along the fingers to the bus bar, and the contact resistance at the rear surface metal contact
layer (not shown in Figure 2). There will also be a contribution from the resistance 22 of the
bus bar between the finger and the cell terminal (in operation) or between the finger and the
nearest contact pin 24 (in a series resistance measurement), but this contribution will
generally be small. Similar factors contribute to the series resistance of PV cells with other
metallisation patterns, such as those with metal grids on both surfaces and all-rear-contact

cells.

Published PCT application No WO 2007/128060 A1 describes a qualitative method for
identifying high series resistance areas of a PV cell, based on a comparison of two images of
luminescence generated with different excitation conditions that enables spatial luminescence
intensity variations caused by series resistance effects to bé distinguished from those caused
by carrier lifetime variations. In these images luminescence may for example be generated
from the cell by applying a voltage (electroluminescence), or by applying optical excitation
(photoluminescence), ér by applying optical excitation with simultaneous current extraction
from or current injection‘into the cell terminals; of these, all except the photoluminescence
image require clectrical contact to be made to the cell and generate signiﬁcant lateral current

flows across the cell. A single luminescence image may suffice for identifying high series

resistance regions if spatial intensity variations can be assigned confidently to a series

resistance problem rather than carrier lifetime variations. For example a linear higher
intensity region along a metal finger in an image of luminescence generated using optical

excitation with simultaneous current extraction is highly suggestive of a break in that finger.

The '636 method is a non-contact variation on this general image comparison method, where

lateral currents are made to flow in a PV cell by illuminating the cell surface in a spatially
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inhomogeneous fashion. With reference to Figure 3(a), the portion of a PV cell 2 between
the bus bars 10 is covered with an opaque shutter or shadow mask 26 such that only the outer
portions 28 of the cell are illuminated, and the luminescence from the illuminated portioné
measured to produce a first luminescence image. As shown in Figure 3(b) a complementary
illumination pattern is applied with two opaque shutters or shadow masks 26 and the
luminescence from the illuminated inner cell portion 30 measured to produce a second
luminescence image. These two images are then combined to produce a luminescence image
of the entire cell that simulates an image of luminescence generated using optical excitation
with simultaneous current extraction from the cell terminals. This composite image is then
divided by an irﬁage of luminescence generated by applying uniform optical excitation to the
cell (an ‘oﬁen circuit’ phc.)toluminescence image) via pixel-by-pixel calculation of intensity
ratios tb produce a voltage difference image which is a qualitative indicator of series
resistance variations. The step of dividing the simulated current extraction image by the open
circuit photoluminescence image is essentially a normalisation step that serves to remove
carrier lifetime-related intensity variations, and can be omitted if spatial jﬁtensity variations
can be assigned confidently to a series resistance problem. The actual illumination intensity
in the so-called non-illuminated portions does not need to be zero; it just needs to be
significantly lower (c.g. at Icast 10 times less) than the illumination intensity in the
illuminated portions so that the resulting spatial variations in carrier density cause significant
lateral current flows in the sample cell. With this proviso, we will continue to use the terms

‘non-illuminated portion’ and ‘illuminated portion’ in this specification.

Turning now to quantitative considerations, series resistance (Rs) generally varies

* significantly across the area of a PV cell, and knowledge of the local current density J; at

position i across a cell is normally required for an accurate determination of the local series
resistance, i.e. the series resistance at position 7, Rg;. In an illuminated PV celi Ji is given as:
Ji=Jlight - Jai(Vy), where Jign, is the light-generated current (a global quantity) which to a good
approximation is linear in the illumination intensity, and Jy,( V‘) is the local diode dark
current density at position i. J;(¥;) depends on the local diode voltage at position i (V) and
on a number of other parameters, including the local diode saturation current and the local

diode ideality factor, that vary across the area of a cell in a generally unknown manner.
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As explained in WO 2009/129575 A1, a fundamental problem with several.prior art methods
for measuring Ry, is the use of a global estimate for the unknown local diode properties,
which leads to inaccuracies because the local diode properties generally vary substantially
across a PV cell. WO 2009/129575 A1 describes a quantitative method that avoids this
problem, based on the acquisition of two or more images of luminescence generated using
optical excitation with or without extraction of current from the cell, and optionally
electroluminescence images as well. The fundamental idea is to find two different operating
conditions 4 and B (with different terminal voltages and/or different illumination intensities)
ofa samplé PV cell that produce the same local luminescence éignal on a pixel-by-pixel
basis, then use that information to calculate local R values. waever while this method
yields quantitative results, electrical contact is required for at least some of the imaging
measurements, and furthermore it is relatively slow because it requires the acquisition and

processing of several images.

The luminescence intensity at a given pixel i of a luminescence image, L;, depends
exponentially on the local diode voltage in the corresponding cell region, ¥,;, according to

the equation

L C Vs (1)
;= €X .
= Ty

where e is the electronic charge, £ is Boltzmann’s constant, 7 is temperature and C; is a local
calibration constant. The local calibration constant can be eliminated from the analysis by
obtaining two images with different excitation conditions. In an example of particular
relevance to series resistance measurements, the pixel-by-pixel ratio of two luminescence
images, one generated with uniform optical excitation (an open circuit photoluminescence
image) and the other a current extraction image either generated with optical excitation with
simultaneous current extraction or simulated by the ‘636 method as described above, provides
a m.easure of the local reduction in diode voltage due to the current extraction for pixel 7,

AV, via the equation
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AV, =Vyui=Vap, = Eln(““‘“AJ} 2
e

B

where the subscript A refers to the open circuit photoluminescence image and the subscript B
refers to the current extraction image, actual or simulated. As well as this drop in diode

voltage AV, the current extraction also causes a voltage drop between the diode and the

w

terminal, i.e. over the series resistance, AVg,;. Therefore the voltage drop over the diode
varies strongly with series resistance and is the main source of information on local series
resistance, i.e. variations in series resistance across the sample. The task now is to extract
quantitative series resistance data from this information. In particular, we show how the '636
method can be quantified while still avoiding contacting the sample cel.l, advantageous for

1o minimisiﬁg cell breakage, and without requiring additional imaging steps, advantageous for

measurement speed.

The local series resistance determines the local voltage drop over that series resistance, AV,
and théreby the voltage V, 5 between the cell terminals under current extraction, as

15 represented by the equation:
AVR&,;‘ = Vd,ﬁ,i - Vz,B (3)

With V,. representing the open circuit voltage, we define the reduction in the terminal voltage

caused by the current extraction, AV, as:
AV, =V, ~V,, @

20 We assume that V,, is equivalent to the diode voltage V4, in all areas of the open circuit

photqluminescence image, so equations (2) to (4) can be combined to yield:
AV, =AYV, - AV, &)

The voltage difference AVy; is obtained for each pixel from the luminescence intensity ratio
according to equation (2), but it remains to determine AV,. In some embodiments AV, is

25 measured directly by making contact with the terminals during both luminescence imaging
measurements (i.e. optical excitation with and without current extraction); since this is -

simply a voltage measurement the contacting requirements are less stringent than for
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electroluminescence or current-voltage (1V) measurements, or for photoluminescence
measurements with simultaneous current injection or extraction, which require a power
supply, a source measurement unit or an electric load, and generally require elaborate
contacting schemes to ensure uniform current injection ot extraction. In other embodiments
photoluminescence measurements with simultaneous current injection or extraction can be

acquired during [V testing, when the sample cell is being contacted anyway.

For preference however no electrical contact is made, in which case we either need to
calculate AV, or use an empirical value. In one empirical approach, we note that the same
value of AV is Iikély to apply to similar cells, for example cells from a given production line.
Therefore a AV, value measured directly on one cell, or an average value measured from a
selection of cells, can be applied to all cells from the production line. In another empirical
approach a representative AV, value can be obtained by matching the resulting average series
resistance with the global series resistance, the latter determined for example from analysis of
adark I'V curve, a light IV curve, a Suns-Voc curve, or any combination thereof; in effect AV,
is used as an adjustable parameter that is varied to get the best fit between the global series

resistance and the qualitative spatially resolved data.

Once a AV, value has been determined, allowing AV, to be obtained via eqn (5), the local
series resistance Ry is given by:

R.y,i — AVRv,i
I

s,

(6)

where Jg,;, the local current density extracted over the local series resistance, also needs to be

calculated.

We will now describe methods for calculating or estimating AV, and Jg;,, to enable

calculation of quantitative R;; data via eqn (6).
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Turning firstly to Jzs;, in one example method we begin with the ideal diode equation for the

diode dark current density J(V4):

10 = e V) ")
where Jj is the dark saturation current density. The current density exttacted over the series
resistance, Jg;, is calculated as the variation in dark current density between V;; = ¥, (open
circuit) and V;,; = V,. - AVy; (current extraction), i.e. Jre; = Ji(Voe) = JuilVoc - AVai). AVygiis
obtained from the luminescence intensity ratio (eqn (2)), but we still require .Jp and the open‘
circuit voltage V,.. In one example we choose V,. =620 mV and J, = 1.541e-12 Alem?,
typical values for silicon cells, which is equivalent to a short circuit current density of J;, =

35 mA/cm’ for that open circuit voltage.

In a second example method for calculating Jrs,, we assume that the reduction in
luminescence signal between an open circuit photoluminescence image and a
photoluminescence image acquired with current extraction, actual or simulated, is

proportional to the extracted current, i.€.
Iy (8)

In this equation, as in eqn (2), the subscripts 4 and B refer to the open circuit
photoluminescence image and the photoluminescence image acquired with current extraction
respectively. For example if the luminescence signal in a pixel i of image B is only 10% of
the signal from the corresponding pixel of image 4, then 90% of the short circuit current
density has been extracted from the corresponding cell region. This assumption is based on
the fact that with a unity ideality factor the luminescence signal is proportional to the dark
current density; eqn (8) shows that the only quantity that needs to be known or estimated is
the short circuit current density J,., which in this analysis is assumed to be uniform across the

cell, i.c. independent of position .
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{t turns out that these two example methods are equivalent. This can be demonstrated as
follows, beginning with the equation Jg.; = J4{(Voe) — Ju i Voe - AVy;) from the first example
method and transforming it using eqns (7) and (2) to arrive at eqn (8) from the second

example method:

'JRx,i = Jd,i (Voc ) - J(l‘i (Voc - AVd,l)

R |

e
J, exp[--w Vac)
"\ kT
= JS(,,‘ - e
expl — AV,
p( kT d,lj
S
=J - SC
YL,
L

The need to select a V. value in the first example method arises from the need to obtain Jj to
be able to calculate the diode dark current density. However the .J; value is obtained from the
ideal diode equation for a specific J;; the choice of V. is therefore irrelevant because a
higher V. will result in a lower J, but in the same extracted current for ahy selected V,,c
value. In summary then, once the luminescence images 4 and B have been acquired, values
for Jps; across a sample cell can be calculated via éqn (8) using a global value for the short
circuit current density.J,.. For silicon cells, a typical value is Joe =35 mA/cmZ‘; In other
embodiments Jj. is measured directly during [V testing, or an empirical value used, such as

the average value for a large number of similar cells in production.

Turning now to AV, the reduction in terminal voltage caused by current extraction, in
preferred embodiments this quantity is obtained in non-contact fashion from a series of
luminescence measurements acquired with patterned illumination. Preferably, these
measurements are made during a series of luminescence imaging measurements used to

obtain qualitative series resistance data, such as in the '636 method, thereby enabling the data
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to be quantified while still avoiding making electrical contact with the cell and withou.t
requiring additional exposures or images. Our preferred method requires the measurement of
luminescence from selected non-illuminated (or signiﬁcanﬁy less intensely illuminated)
portions; this is facilitated by generating the illumination patterns using one or more filters,
such as long-pass filters or band-pass filters, selected to block the excitatioh light but transmit
the luminescence. As illustrated in Figures 4(a) and 4(b), long-pass filters 32 substantially
attenuate the excitation light to produce non-illuminated portions 34 and illuminated portions
36 of a cell 2 on either side of the bus bars 10, yet substantially transmit the luminescence
generated by lateral current flow and injecﬁon of carriers from the illuminated portions. As
described in published PCT patent application No WO 2010/130013 A1, charge carriers
generated in an illuminated portion can be transported readily into a non-illuminated portion

via the emitter layer, where they can recombine radiatively to produce a luminescence signal

from another portion that receives no (or significantly less) illumination. It will be

appreciated that the complementary illumination patterns shown in Figures 4(a) and 4(b), like
those shown in Figures 3(a) and 3(b) in the context of the '636 method, allow one to simulate
an image of luminescence generated using optical excitation with simultaneous current
extraction, for the purpose of acquiring a qualitative series resistance image of a PV cell, or
for calculating Jg,; values from eqn (8). Advantageously, the long-pass filters facilitate the
measurement of luminescence 'signals> from the non-illuminated portions as well as the
illuminated portions. As will be seen, such signals provide extra information that enables us

to calculate a value for AV,

As shown in Figure 5 it is of course possible to measure luminescence from a cell portion 34
shadowed from the excitation light 37 by an opaque shutter 26, if there is sufficient spacing
between the shutter and the cell for a camera or other detector 38 to access the luminescence
39. However since the illumination pattern should be aligned with the bus bars 10, this
spacing greatly tightens the alignment tolerance between the shutter and the cell, and a well-
collimated light source would be required to maintain a sharp border of the shaded portion.
Furthermore since many cell designs have a metal contact layer on the back surface, it is

often not possible to position the excitation source and detector on opposite sides of acell, a -
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configuration that might otherwise be used for measuring luminescence from a shadowed

portion.

Figure 6 shows a light IV curve 40 and a dark IV curve 42 of a typical silicon PV cell, i.e. the
current as a function of terminal voltage under ~1 Sun illumination and without illumination
respectively, along with an implied light IV curve 44 (current as a function of diode voltage

under ~1 Sun illumination) and an implied dark IV curve 46 (current as a function of diode

' voltage without illumination). The dark IV curve was measured experimentally, and used to

simulate the other three curves under the assumption that series resistance is independent of
illumination conditions, i.e. operating point. The dotted vertical lines indicate the various

voltages relevant to our analysis. From left to right, these are:

() Vadaare: the diode voltage under current injection (carrier transport) into the non-

illuminated portion(s) from the illuminated cell portion(s);

(i) Vi the terminal voltage under current extraction, which is the same for the

illuminated and non-illuminated cell portions;

(iii) Vaugn: the diode voltage under current extraction (carrier transport) from the

illuminated portion(s) into the non-illuminated cell portion(s);
(iv) V. the open circuit voltage (i.e. terminal voltage without current extraction).

With the assumption that series resistance is independent of the illumination conditions, the
voltage drop over the series resistance in the non-illuminated portion (¥, - ¥y 4a) is identical
to the voltage drop over the series resistance in the illuminated portion (Vd,[igh,v— V), since the
current extracted from the illuminated portion will be equal to the current flowing into the
non-illuminated portion. Under this assumption, the terminal voltage V; is related to the
average value of the luminescence signals (expressed as voltages, see eqn (1)) from the
illuminated and non-illuminated portions: |

V = Vd,lighl + Vd,dark

9).
, 5 €



WO 2012/142651 PCT/AU2012/000389

20

25

221 -

Although conversion of a luminescence signal into a voltage or vice versa requires
knowledge of a calibration constant C (see eqn (1)), we only require the voltage difference

AV, defined above in eqn (4).

Turning now to Figures 7(a), 7(b) and 7(c), in one embodiment of the invention we extend
known qualitative series resistance imaging methods by exposing a PV cell 2 to
complementary illumination patterns using long-pass filters 32 to define illuminated and non-
illuminated portions 36 and 34 (Figures 7(a) and 7(b)), and to uniform illumination (Figure
7(c)), and select a cell region 48 for which we define area-averaged luminescence signals as
follows: L, as the average or total signal from that region in the open circuit
photolumi'nescence image (i.e. uniform illumination across the cell) as shown in Figure 7(c);
L, as the average or total signal from that region when under illumination as shown in Figure
7(a); and Lyui « as the average or total signal ffom that region under the coniplementary
illumination pattern as shown in Figure 7(b). For that particular region 48, we can use
equations (1), (4) and (9) to obtain

' L
' 2€ L.t * Ldarlt,x

The AV, value obtained from this equation is then fed into the series resistance calculations

via equation (5). Note that the respective excitation intensities applied to the illuminated and

‘non-illuminated portions should be the same for each of the three exposures.

In the particular example shown in Figs 7(a) to 7(c) the selected region 48 is identical for all
three measurements Ly, L, and Ly .. While this is preferable it is not essential, as different
regions can be selected for each measurement provided the luminescence signals from each
region are area-averaged. For example the selected region in Figure 7(c) may correspond to
the entire cell area. Each region ma;y include several non-contiguous su-b-regibns provided
the illumination conditions are the same for all sub-regions in each imaging step. Preferably
the selected region(s) is/are close to a bus bar as shown in Figures 7(a) to 7(c), to maximise

the current flow caused by the inhomogeneous illumination. In another embodiment area-
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averaged luminescence signals from several selected regions are used to obtain an average or

median AV, value, for higher accuracy.

In an alternative embodiment illustrated in Figure 8, Lda}k(x and L, are obtained from a single
patterned exposure of a PV cell 2, where L, is the average.or total luminescence signal from a
selected region 50 in the illuminated portion 36 and Ly, is the average or total
luminescencé signal from a corresponding region 52 in the non-illuminated portion 34 on the
opposite side of a bus bar; an analogous analysis leads to the same equation (10) for AV,
where PL, is obtained as the average or total luminescence signal from a selected cell
region, such as area 50,or 52 or the entire cell area, when the cell is illuminated uniformly.
The two regions 50 and 52 are preferably equal in size, but may be different provided the
various luminescence signals are area-averaged. ‘Similarly to the previous embodiment, the

excitation intensity applied to the illuminated portions should be the same for each exposure.

-1t may turn out that for a given cell design, there aré some regions that yield AV; most

accurately. These regions may be determined empirically by comparing AV, values

calculated from the above analysis with actual values measured at the terminals.

[t will be appreciated that the luminescence measurements utilised in the above-described
methods for calculating AV, via eqn (10) (and therefore AVx,; via eqn (5)) and Jzs,; via eqn (8)
can be made concurrently with the acquisition of the luminescence images required for
produciﬁg a qualitative series resistance image. Since the quantification procedure does not
require any additional images or exposures, it has essentially no impact on measurement
speed. Furthermore it is possible to quantify a series resistance image in a non-contact

manner.

Figure 9 shows a series resistance image 54 of a multicrystalline PV cell with three bus bars,
acquired using the '636 method where the illumination patterns were generated using long-

pass filters as described above with reference to Figures 4(a) and 4(b). Parts of the cell with
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higher series resistance are clearly shown as brighter regions in the image. Using AV, and J,.

- values as described above, this qualitative series resistance information was quantified as

shown by the scale bar 56, in units of Ohm.cm®. It will be appreciated that the lateral
variations in absolute series resistance across the cell could be presented in other forms, such

as in tabular or matrix form.

The measurement of luminescence from non-illuminated portions of a photovoltaic cell
subjected to patterned illumination with excitation light, preferably facilitatg:d with long-pass
filters as described above with reference to Figures 4(a) and 4(b), also enables alternative
methods for obtaining qualitative series resistance images. For example instead of
combining images of luminescence emitted from illuminated portions with excitation from
complementary illumination patterns to simulate a photoluminescence image with
simultaneous current extraction, one could combine images of luminescence emitted from the
non-illuminated portions to simulate an electroluminescence image with simultaneous current
injection. This simulated current injection image could then be normalised with a standard
electroluminescence image or an open circuit photoluminescence image to remove carrier
lifetime-related intensity variations, noting that the procedure would not be non-contact if the
electroluminescence image were used. It is also possible to.obtain a qualitative series
resistance image with only two exposures, one with patterned illumination and one with
uniform illumination. For example with reference to Figure 8 one can apply patterned
illumination to a photovoltaic cell 2 and acquire an image of the luminescence emitted from
both the illuminated and non-illuminated portions 36, 34, and acquire an open circuit
photoluminescence image with uniform illumination as shown in Figure 7(c). The non-
illuminated and illuminated parts of the first image are then treated separately with the open
circuit photoluminescence image to produce a qualitative series resistance image. Qualitative
series resistance images obtained by these alternative procedures can also be quantified by

the above-described methods.

- Returning now to the assumption that the series resistance of a cell is independent of the

illumination conditions, in reality the series resistance in a non-illuminated cell (measured for
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- example by electroluminescence techniques or by analysis of a dark IV curve) is significantly

lower than the series resistance in an illuminated cell, see for example the discussion in D.
Pysch et al. Solar Energy Materials & Solar Cells 91 (2007) 1698-1706. This discrepancy
may be accounted for by introducing a constant scaling factor into the above analysis, to

improve the accuracy of the quantitative series resistance values.

Our methods for obtaining quantitative spatially resolved series resistance data have been
described in terms of PV cells with two bus bars on the front surface, which is the most

common design, but they are also applicable to cell designs with greater or fewer bus bars.

While most commercially available silicon PV cells have a uniform emitter layer 6 as shown
in Figure 1, certain high efficiency cell designs héve a selective emitter structure with highly
doped regions under the metallisation lines 'only', and light doping elsewhere for reduced blue
absorption. For example Figure 10 shows a precursor selective emitter cell 58 with a pattern
of highly doped regioﬁs 60 onto which bus bars-and fingers will be deposited in a subsequent
metallisation step. Since metallisation, e.g. via screen printing of silver-containing paste, is
the most expensive step in PV cell production, it would be advantageous to remove wafers
with conductance defects in the selectivé emitter structure, caused for example by cracks or
faulty deposition, before metallisation. Such defects may be identified using the above-
described non-contact series resistance imaging methods, qualitative or quantitative, adapted
such that the illuminated and non-illuminated portions in a patterned exposure are afranged

on either side of selective emitter sections 62 onto which the bus bars are to be deposited.

Apart from the quantification of series resistance images, a further aspect of potential value
to PV cell manufacturers is the application of image processing, in particular image
recognition algorithms adapted to identify and report patterns of excessively high series
resistance that may be associated with typical series resistance problems, preferably with
reference to a library of series resistance images of cells with known defects. Examples of
typical patterns that can be recognised include patterns of the cell-carrying belt that may

suggest a process problem with the metal contact firing furnace, edge isolation issues, and
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broken or poorly contacting fingers. Image processing algorithms can report the type and
severity of common series resistance problems, and could also suggest to an operator how the

identified problems could be fixed.

Although the invention has been described with reference to specific examples, it will be
appreciated by those skilled in the art that the invention may be embodied in many other

forms.
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The claims defining the invention are as follows:

1. A non-contact method for calculating the reduction in terminal voltage caused by
current extraction, AV, in a series resistance imaging measurement on a photovoltaic cell

having a front surface with one or more bus bars, said method comprising the steps of:

(i) exposing said cell to an illumination pattern with excitation light suitable for
generating luminescence from said cell such that a first portion of said front surface
receives substantially less illumination intensity than a second portion of said front

surface, said first and second portions being on opposite sides of a bus bar;

(ii) measuring a first luminescence signal Ly, from a first selected region of said

front surface within said first portion;

(iii) measuring a second luminescence signal L, from a second selected region of said

front surface within said second portion;

(iv) exposing said cell to uniform illumination with said excitation light, and
measuring a third luminescence signal L, from a third selected region of said front

surface; and
(v) calculating AV, using the equation

2
av, =M L |,
’ 2e Lx * Ldark,x

2. A method according to claim 1, wherein said first, second and third selected regions

are all equal in area.

3. A method accordirig to claim 1, wherein said first, second and third selected regions
are not all equal in area, and said first, second and third luminescence signals are area-

averaged.

- 4. A method according to any one of the previous claims, wherein said third selected

region corresponds to said first selected region or to said second selected fegion.

5. A method according to claim 3, wherein said third selected region corresponds to a

combination of said first and second selected regions.
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6. A method according to claim 3, wherein said third selected region corresponds to the
entire cell area. |
7. A method according to any one of the previous claims, wherein said illumination

pattern is produced using one or more filters selected to attenuate said excitation light and

transmit said luminescence.

8. A method according to any one of the previous claims, wherein the illumination

intensity applied to said first portion is zero.

9. A non-contact method for calculating the reduction in terminal voltage caused by
current extraction, AV, in a series resistance imaging measurement on a photovoltaic cell

having a front surface with one or more bus bars, said method comprising the steps of:

(i) exposing said cell to a first illumination pattern with excitation light suitable for
generating luminescence from said cell such that a first portion of said front surface
receives substantially less illumination intensity than a second portion of said front
surface, said first and second portions being on opposite sides of a bus bar, and
measuring a first luminescence signal L, from a first selected region of said front

surface within said first portion;

(1i) exposing said cell to a second illumination pattern, complementary to said first
illumination pattern, such that said first portion receives substantially more
illumination intensity than said second portion, and measuring a second luminescence

signal L, from a second selected region of said front surface within said first portion;

(iii) exposing said cell to substantially uniform illumination with said excitation light,
and measuring a third luminescence signal L, from a third selected region of said

front surface; and
(iv) calculating AV, using the equation

' ' 2
AI/! =£T_ln __._L_"c_'_ .
26 Lx * Ldark,x

10. A method according to claim 9, wherein said first, second and third selected regions

are all equal in area.
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11. A method according to claim 10, wherein said first, second and third selected regions

are the same region.

12. A method according to claim 9, wherein said first, second and third selected regions
are not all equal in area, and said first, second and third luminescence signals are area-

averaged.

13. A method according to claim 12, wherein said third selected region corresponds to the

entire cell area.

14. A method according to any one of claims 9 to 13, wherein said first and second
illumination patterns are produced using one or more filters selected to attenuate said

excitation light and transmit said luminescence.
15. A method according to any one of claims 9 to 14, wherein zero illumination intensity

is applied to said first portion in step (i) and to said second portion in step (it). -

16. A method for calculating the local current density extracted over the local series
resistance, Jgs;, in a series resistance imaging measurement on a photovoltaic cell having a

front surface with one or more bus bars, said method comprising the steps of:

(1) acquiring a first luminescence image of said cell under substantially uniform

illumination with excitation light suitable for generating luminescence from said cell;
(ii) acquiring a second luminescence image of said cell under current extraction;

(iit) measuring or estimating a value for the short circuit current density of said cell,

Jsc; and

(iv) calculating Jg;; using the equation

where L4; and Lp; are the local luminescence intensities in said first and second

luminescence images.

17. A method according to claim 16, wherein said second luminescence image is
simulated by combining two or more luminescence images acquired when said cell is
exposed to patterned illumination with excitation light suitable for generating luminescence

from said cell.
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18. A method for quantitatively measuring variations in series resistance across a
photovoltaic cell, said method comprising the steps of:

(i) acquiring a qualitative series resistance image of said photovoltaic cell using a

combination of two or more images of luminescence generated from said cell by optical

excitation, electrical excitation or a combination thereof, said electrical excitation comprising

applying a voltage‘ or load across contact terminals of said cell, or injecting current into or

extracting current from contact terminals of said cell;

(ii) measuring, estimating or calculating a value for AV, the reduction in terminal
voltage of said cell caused by current extraction;

(iii) measuring or estimating a value for J;., the short circuit current density of said
cell; and

(iv) combining said AV, and Jsc values with said qualitative series resistance image to
calculate absolute series resistance values across said cell.
19. A method according to claim 18, wherein said value for AV, is calculated from
luminescence measurements made during the acquisition of said qualitative series resistance
image. _
20. A method according to claim 18 or claim 19, wherein said value for AV, is calculated
by the method accbrding to any one of claims 1 to 15.
21. A method according to any one of claims 18 to 20, wherein said qualitative series
resistance image is acquired without making electrical contact to said cell.
22. A method according to any one of claims 18 to 21, wherein said value for Jj is used
to calculate local values for Jzs;, the local current density extracted dver the local series

resistance, using the equation:

where L,; are the local luminescence intensities in an image of luminescence generated from

said cell with substantially uniform optical excitation, and L, are the local luminescence

intensities in an image of luminescence generated from said cell with a combination of

substantially uniform optical excitation and current extraction.
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23. A method according to any one of claims 18 to 21, wherein said value for J;. is used
to calculate local values for Jg;, the local current density extracted over the local series

resistance, using the equation:

_ (LA,i - LB,i)

JR.\',:' - J

8C
L,

4

where L4 are the local luminescence intensities in an image of luminescence generated from
said cell with substantially uniform optical excitation, and L, are the local luminescence
intensities in one or more images of luminescence generated from said cell using one or more
optical excitation patterns.
24. A method according to claim 22 or claim 23, wherein local values for the series
resistance of said photovoltaic cell, R, ;, are calculated using the equation:
_ Rs,i
wherein AVg,; is calculated using the equation:
| AV, = AV, - AV,

wherein AV;; values are obtained from said qualitative series resistance image.
25. A non-contact method for measuring variations in series resistance across a
photovoltaic cell having a front surface with one or more bus bars, said method comprising
the steps of: |

(1) exposing said cell to a first patterned illumination with excitation light suitable for
generating luminescence from said cell such that a first portion of said front surface receives
substantially less illumination inteinsity than a second portion of said front surface, said first
and second portions being on opposite sides of a bus bar, wherein said first patterned
illumination is produced with one or more filters selected to attenuate said excitation light
and transmit said luminescence;

(ii) acquiring a first image of luminescence generated from said cell by said first
patterned illumination;

(iii) exposing said cell to uniform illumination with said excitation light;

(iv) acquiring a second image of luminescence generated from said cell by said

uniform illumination; and
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(v) processing said first and second images to determine variations in series resistance
across said cell. ' |
26. A method according to claim 25, wherein said first and second images are further
processed to determine absolute values of series resistance across said cell.

27. A method according to claim 25, further comprising the steps of:

(vi) exposing said cell to a second patterned illumination with said excitation light,
said second patterned illumination being complementary to said first patterned illumination
and produced with one or more filters selected to attenuate said excitation light and transmit
said luminescence; ' |

| (vii) acquiring a third image of luminescence generated from said cell by said second

‘patterned illumination; and

(viii) processing said first, second and third images to determine variations in series
resistance across said cell.
28. A method according to claim 27, wherein said first, second and third images are
further processed to determine absolute values of series resistance across said cell.
29. A method according to any one of claims 25 to 28, wherein said filters are selected to

block substantially all of said excitation light.

30. A non-contact method for identifying conductance defects in a photovoltaic cell

precursor having a front surface with a selective emitter structure, said method comprising
the steps of:

(i) exposing said precursor to a first patterned illumination with excitation light
suitable for generating luminescence from said precursor such that a first portion of said front |
surface receives substantially less illumination intensity than a second pértion of said front
surface, said first and second portions beivng on opposite sides of a section of said selective
emitter structure onto which a bus bar is to be deposited, wherein said first patterned
illumination is produced with one or more filters selected to attenuate said excitation light
and transmit said luminescence;

(i1) acquiring a first image of luminescence generated from said precursor by said first
patterned illumination; |

(iii) exposing said precursor to uniform illumination with said excitation light;
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@iv) acqtiiring a second image of luminescence generated from said precursor by said
imiform illumination; and

(v) processing said first and second images to identify conductance defects in said
precursor. _ .

31. A method acéording to claim 30, further comprising the steps of:

(vi) exposing said precursor to a second patterned illumination with said excitation -
light, said second patterned illumination being complementary to said first patterned
illumination and produced with one or more filters selected to attenuate said excitation light
and transmit said luminescence;

(vii) acquiring a third image of luminescence generated from said precursor by said
second patterned illuminétion; and - '

(viii) processing said first, second and third images to identify c;mductance defects in
said precursor.

32. A method according to claim 30 or claim 31, wherein said filters are selected to block
substantially all of said excitation light.

33. A system when used to implement the method according tb any one of claims 1 to 32.
34.  An article of manufacture comprising a computer usable medium having a computer

readable program code configured to implement the method according to any one of claims 1

to 32, or to operate the system according to claim 33.
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This International Application does not comply with the requirements of unity of invention because it does not relate to
one invention or to a group of inventions so linked as to form a single general inventive concept.

This Authorify has found that there are different inventions based on the following features that separate the claims into
distinct groups: ' '

Claims 1 to 15 and 25 to 34 (to the extent that claims 33 and 34 are ultimately appended to one of claims 1 to 8)
are directed to non-contact methods for the inspection of photovoltaic cells having a front surface with one or
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receives substantially less illumination intensity than a second portion of said front surface, said first and ‘
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. collecting luminescence data based on this illumination pattern; exposing said cell to uniform illumination with

said excitation light; and collecting luminescence data based on the uniform illumination. The feature of a non-
contact method for the inspection of photovoltaic cells with the above features is specific to this group of
claims. :

Claims 16, 17, 33 and 34 (to the extent that claims 33 and 34 are ultimately appended to one of claims 16 or [7)
are directed to a method for calculating the local current density extracted over the local series resistance, Jgg,
in a series resistance imaging measurement on a photovoltaic cell having a front surface with one or more bus
bars, said method comprising the steps of: (i) acquiring a first luminescence image of said cell under
substantially uniform illumination with excitation light suitable for generating luminescence from said cell; (ii)
acquiring a second luminescence image of said cell under current extraction; (iii) measuring or estimating a
value for the short circuit current density of said cell, J,;; and (iv) calculating Jg; using the equation:

where L, ; and Lg; are the local luminescence intensities in said first and second luminescence images. The
feature of a method for calculating the local current density extracted over the local series resistance in a series
resistance imaging measurement on a photovoltaic cell having a front surface with one or more bus bars with
the above steps is specific to this group of claims.

Claims 18 to 24, 33 and 34 (to the extent that claims 33 and 34 are ultimately appended to one of claims 18 to
24) are directed to a method for quantitatively measuring variations in series resistance across a photovoltaic
cell, said method comprising the steps of: (i) acquiring a qualitative series resistance image of said photovoltaic
cell using a combination of two or more images of luminescence generated from said cell by optical excitation,
electrical excitation or a combination thereof, said electrical excitation.comprising applying a voltage or load
across contact terminals of said cell, or injecting current into or extracting current from contact terminals of said
cell; (ii) measuring, estimating or calculating a value for AV,, the reduction in terminal voltage of said cell
caused by current extraction; (iii) measuring or estimating a value for J, the short circuit current density of said
cell; and (iv) combining said AV, and J values with said qualitative series resistance image to calculate
absolute series resistance values across said cell. The feature of a method for quantitative measurement of
variations in series resistance across a photovoltaic cell with the above steps is specific to this group of claims.

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical relationship among
the claimed inventions involving one or more of the same or corresponding special technical features. PCT Rule 13.2,
second sentence, defines a special technical feature as a feature which makes a contribution over the prior art.
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Supplemental Box

When there is no special technical feature common to all the claimed inventions there is no unity of invention.

In the above groups of claims, the identified features may have the potential to make a contribution over the prior art
but are not common to all the claimed inventions and therefore cannot provide the required technical relationship. The
only feature common to all of the claimed inventions and which provides a technical relationship among them is the
taking of two or more luminescence measurements or images to determine characteristic properties of a photovoltaic
cell. However this feature does not make a contribution over the prior art because it is disclosed in:

D1: WO 2010/003186 A1 (BT IMAGING PTY LTD, et al.) 14 January 2010
See Abstract, paragraph 0053.
Therefore in the light of this document this common feature cannot be a special technical feature. Therefore there is no

special technical feature common to all the claimed inventions and the requirements for unity of invention are
consequently not satisfied a posteriori. '
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