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FOREWORD

national electrotechnical committees (IEC National Committees). The object of IE P
brnational co-operation on all questions concerning standardization in the electrical and electronic\fiel
5 end and in addition to other activities, IEC publishes International Standards, Technical Specific

eement between the two organizations.

e formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intern
hsensus of opinion on the relevant subjects since each technical committee has representation fr
erested IEC National Committees.

C Publications have the form of recommendations for international Use and are accepted by IEC N

plications is accurate, IEC cannot be held responsible for the~way in which they are used or f
Sinterpretation by any end user.

order to promote international uniformity, IEC National ,€emmittees undertake to apply IEC Publid

ween any IEC Publication and the corresponding natiohal or regional publication shall be clearly indic3

C itself does not provide any attestation of confermity. Independent certification bodies provide conf
Eessment services and, in some areas, access\to IEC marks of conformity. IEC is not responsible f
vices carried out by independent certificatioritbodies.

users should ensure that they have the latest edition of this publication.

benses arising out of the publication, use of, or reliance upon, this IEC Publication or any othg
blications.

ention is drawn to the.Normative references cited in this publication. Use of the referenced publicat
ispensable for the cgrrect application of this publication.

ention is drawn to_the possibility that some of the elements of this IEC Publication may be the sub
ent rights. IEC_shall not be held responsible for identifying any or all such patent rights.

main task' of IEC technical committees is to prepare International Standard
ptional-circumstances, a technical committee may propose the publication of a tech

2018

ds. To
htions,

chnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referredi/to ag “IEC
blication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee intefested
the subject dealt with may participate in this preparatory work. International, governmental and non-
ernmental organizations liaising with the IEC also participate in this preparation. |[EC’collaborates ¢losely

ed by

htional
bm all

htional
bf IEC
r any

ations

nsparently to the maximum extent possible in their ,national and regional publications. Any divelgence

ted in
ormity

br any

s and
hge or
) and
r IEC

ons is

ect of

5. In
nical

the required support cannot be obtained for the publication of an International Stan
despite repeated efforts, or

dard,

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 60904-13, which is a technical specification, has been prepared by IEC technical
committee 82: Solar photovoltaic energy systems.


https://iecnorm.com/api/?name=554211bc4e008a25253dfb3bd2d37900

IEC TS 60904-13:2018 © IEC 2018 -5-

The text of this technical specification is based on the following documents:

Enquiry draft Report on voting
82/1292/DTS 82/1424/RVDTS

Full information on the voting for the approval of this technical specification can be found in
the report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 60904 series, published under the general title Photovpltaic
devides, can be found on the IEC website.

The ¢ommittee has decided that the contents of this document will remain unchanged unfil the
stability date indicated on the IEC website under "http://webstore.iec.ch" in the data related to
the specific document. At this date, the document will be

e rgconfirmed,

—

e wijthdrawn,
e regplaced by a revised edition, or

e amended.

A bilingual version of this publication may be issued at-a‘later date.
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PHOTOVOLTAIC DEVICES -

Part 13: Electroluminescence of photovoltaic modules

1 Scope

This part of IEC 60904 specifies methods to:

;Lpture electroluminescence images of photovoltaic modules,

a) ¢

b) pfocess images to obtain metrics about the images taken in quantitative termsfand

c) provide guidance to qualitatively interpret the images for features in the iimage thgt are
observed.

This |[document is applicable to PV modules measured with a power_supply that placep the
cells fin the modules in forward bias.

2 Normative references

The following documents are referred to in the text in such a way that some or all of|their
contgnt constitutes requirements of this document. For dated references, only the edition
cited|applies. For undated references, the latest edition’of the referenced document (inclpding
any gmendments) applies.

IEC TS 61836:2016, Solar photovoltaic energy<systems — Terms, definitions and symbols

3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC TS 61836 as wegll as
the following apply.

ISO and IEC maintain terminological databases for use in standardization at the follgwing
addrgsses:

o |HC Electropedia: available at http://www.electaropedia.org/

e |30 Online\browsing platform: available at http://www.iso.org/obp

3.1
electfroluminescence
EL
emission of optical radiation resulting from the application of electrical energy

3.2
open circuit
electrical circuit that has a break, or “open”, somewhere in the conductive path

Note 1 to entry: A module or laminate exhibits an “open circuit” if defective or damaged so that no current can
flow through it when attached to an external circuit at the module electrical connection points.

Note 2 to entry: A PV module itself is in open circuit condition if one or both of the module electrical connection
points are not connected to anything or current is not flowing as defined in IEC TS 61836:2016, 3.4.57.


http://www.electaropedia.org/
http://www.iso.org/obp
https://iecnorm.com/api/?name=554211bc4e008a25253dfb3bd2d37900
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3.3

forward bias
forcing current flow with a power supply where the leads are connected to those of the same
polarity (+ and -) on the sample

3.4

barrel distortion
distortion in the image whereby rectangular features in an image appear expanded, as in a
curved barrel wall

3.5

vignetting

redugtion of an image's brightness at the periphery compared to the image center

4 Imaging

4.1 Apparatus

411 Electroluminescence imaging camera

4.1.11 Camera detector

Detegtors are typically light-sensing pixels consisting of gharge coupled devices (CC
compglementary metal oxide semiconductor (CMOS) deyices arranged in a focal-plane 3
They| may be cooled, usually with thermoelectric cooling, to achieve better signal-to-

ratio
Semi
the ¢
wave
respq
spect
giver
to the

a greater spectral response at the wavelength of interest will typically permit a sh

expo
relati
respq

D) or
rray.
hoise

by means of reducing device dark current originating from thermally generated charges.

conductor light absorber materials in the detéctor shall be sensitive to the EL emissi
evice under test. Example semiconductor/light absorber materials and their
lengths of detection for PV module characterization are given in Table 1. The sp
nse for some semiconductor detectors is given in Figure 1. The typical emi
rum for Si, ZnO/CdS/Cu(In,Ga)Se, (CIGS) and CdS/CdTe heterostructure solar cell
in Figure 2. The signal strengthi\ebtained during EL measurements will be propor
b product of the spectral response and the emission. For a given EL signal from a sg

sure time. Spectral response of Si detectors to Si cell PV module EL emissi

vely low. Commercial (Sj* detectors frequently offer the best resolution, but sp
nse of silicon detectors is typically compromised as a result.

Table 1 — Detectors and their applicable wavelengths

on of
seful
bctral
5sion
S are
ional
mple,
orter
DN is
bctral

Detector Sensitive wavelengths
um
Ge 0,8 to 1,7
InGaAs 0,7 to 2,6
Si 0,3 to 1,1
InAs 1,0 to 3,8
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Figure 1 — Various semiconductor detector materials
and their absolute spectral response [1]1

Releyant parameters in choosing detectors include number of- pixels, noise, quantum

effi

provi
sharq

len

ciency at the wavelength of interest, and dynamic range’\ This document cor
sions for various image resolutions. Choice of camera td gbtain images that megq
ness classes given subsequently in 4.2.3 is made with feSpect to its imaging senso

s,| with consideration to working distance (WD) and field of view (FOV). Theoreti

camgra sensor resolution translates one-to-one with the image resolution. The resoluti

an

image in one of the dimensions (length or width){of*an orthogonal array of pixels i

number of pixels in the image in that dimension.
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Figure 2 — Electroluminescence emission spectra for
(a) Si, (b) ZnO/CdS/Cu(In,Ga)Se, (CIGS) [2], and (c) CdS/CdTe [3]

Wavelength (nm) Wavelength (nm) Wavelengt

880
h (nm)

IEC

nsor resolution = Image resolution = FOV/smallest image feature

For example, if it is desired to image features of 2,5 mm onto a pixel and the length of the
module to be imaged (corresponding to the FOV) is 1 600 mm, the sensor resolution (in pixels)
required in this dimension is 640. This example implies the camera being in focus and
neglects image sharpness considerations (see 4.2.3).

1

Numbers in square brackets refer to the Bibliography.
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The camera response function (CRF) relates the actual quantity of light impinging on each
element of the sensor array to the pixel values that the camera outputs. When the same
object is captured at different exposure times but with an otherwise identical camera setup, a
non-linear CRF causes the resulting image intensity distribution to exhibit nonlinearity, even
after application of a correction for exposure time. Therefore, when analyzing image
intensities, either the linearity of the CRF needs to be assured (basic methods are commonly
found in the camera literature), or a correction for non-linearity needs to be performed using
image processing. Scientific grade Si or InGaAs-based sensors are often linear or have a
correction for non-linearity embedded. Neglecting non-linearity will cause erroneous results
when applying procedures for image correction that are given in Annex A or any quantitative
analysis.

To obtain maximum image resolution and electroluminescence signal, the optical axisCgf the
camgdra is placed perpendicularly and as close as possible to the module face to‘image the
solar| cell or module area. Images captured at the highest resolution may reguire a lpnger
exposure time and time to transfer from the camera and process. Binning features may|exist
to combine pixels for lower resolution and shorter image processing times. |Gain featurd may
exist[to amplify the signal of the EL image.

4.1.1]2 Lens

Lensgs shall be free of absorption filters or coatings that remoye the infrared near the hand-
gap pf the semiconductor material to be examined. Optigcal glass is generally suifable,
howegver Ge lenses will be necessary for measuring EL from the very low band gap materials
(under 0,6 eV). Lenses vary from telephoto to wide-angle‘in focal length. Choice will depend
on the specific application and geometric considerations when capturing the image. Wide-
anglg lenses that have short focal lengths used i Conjunction with the higher resolution
camgras capture a larger FOV. The camera may be placed much closer to the subject, which
is useful when space is constrained. Some wide*angle lens optics however cause undesirable
barrgl distortion in the images that will requife correction by post-processing. Lenses| with
longgr focal lengths generally have less barrel distortion and can therefore more accufately
image a module, whereby the resulting:iimages may require little or no correction by| post
procgssing. Lenses may feature components that correct for the difference between vjsible
and ipfrared wavelengths, which camaid in focusing.

Lensgs typically have an aperitire with the size referred to by a /~number. Ignoring differgnces
in light transmission efficieney, a lens set to a greater f~-number has less light gathering|area
and projects less electraluminescence signal to the image sensor. Depth of field incrgases
with increasing f~-numper. Image sharpness is related to f~-number through two different optical
effects; aberration, (dye to imperfect lens design, and diffraction, which is due to the wave
nature of light. Many wide-angle lenses will result in significant vignetting at the edges ¢f the
image when using a smaller f~-number.

4.1.113 Filters

Filters 'oh the camera lens may be used to help cut light of extraneous wavelengths|from
being detected. 850 nm to 950 nm long-pass filters may be used when imaging near band-
edge EL from modules with silicon cells.

4.1.2 Dark room imaging studio or environment

A darkened environment is favored for high quality images. Precautions should be taken to
eliminate stray light entering the imaging studio, such as with use of hard walls, curtains,
baffles, and sealing of any gaps with material that are of light absorbing nature (black). If a
filter is used on the camera, then LED lighting may be used that emits light only in the
spectrum that is cut by the filter. For non-laboratory measurements, minimize extraneous light
when possible. For example, perform measurements at night. If stray light is present, an
image subtraction procedure will be required, as discussed in 4.1.5.2.
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Fixed mounting of the camera and a mount for the module(s) to be imaged are required so
that the camera and the module positions are absolutely stable.

Laboratory measurements, for consistency in achieving qualitative or quantitative
comparisons, should be performed with the module maintained between 20 °C to 30 °C.
Temperature should be obtained with a temperature sensor accurate to within 1 °C placed on
the module rear (the side not being imaged) and installed in a manner that does not interfere
with the imaging. It may however be necessary to obtain EL images with the module at
temperatures outside of the prescribed range to evaluate the effect of temperature or when it
is not possible to maintain the module temperature within the prescribed range. For such
measurements, the module temperature shall be noted and indicated as being performed

“outswmmmmmm;ured
within 15 s of the end of the image capture, shall be recorded for module temperature

reporting requirements.

For Highly accurate work, the module temperature may be stabilized by passing current until
the témperature reaches equilibrium. The comparison of two images taken.lin sequencel may
be parformed to see if both the module temperature and the camera detector (also affectgd by
temperature) is stable by employing image histograms defined in Clausée 5.3.8 and Fofmula
C.1. The module may be considered stabilized if the absolute difference of the image intgnsity
histogram of sequentially captured images is below 0,02 in each’bin; where for this analysis,
each|bin width is 5 % of the EL intensity range captured from, the module area (not including
the bpckground, area with no cells, or defective pixels).

For repeated measurements on a single module type under condition where the [room
temperature is maintained within a range of 5 °C;\the module stabilization time mdy be
determmined by passing current until the temperature reaches equilibrium. EL imaging [shall
commence after thermal stabilization, and thecmodule temperature shall be recorded] The
waitimg time required for the module to thermally stabilize shall be validated on at leas} one
modyle of the same type, after which stabilization may be based on waiting time (anfl not
direct temperature measurement) for future measurements of the module type. Imageq with
the module temperature outside of theZrange of 20 °C and 30 °C shall be noted as being
perfofmed “outside of the standard testing condition.”

NOTE|1 EL images obtained at different temperatures, including within the range of 20 °C and 30 °C, lead to
different visibility of defects, such~as\those due to shunting and partially disconnected regions of broken cells
becauge of thermal coefficient of expansion mismatches.

NOTE|2 Due to factors including module positioning and poor connections in the cell (e.g. cracks), grid fingers
and inferconnects, some EL signal may change, even when measurements are repeated at the same tempergture.

4.1.3 Power supply

An electric DC)power supply capable of applying I of the module or a series string of|cells
or mpdulestto be imaged is required. The power supply shall be able to provide suff|cient
voltages/to-achieve I/g-. Depending on the module technology, the required voltage may be
approximmately equal to the open circuit voltage V-~ of the module, but it may be signifigantly
higher for some PV modules, such as those based on thin-film technology.

Measuring voltage during application of DC current through the module for EL imaging gives
additional information about the condition of the module including the existence of shunt
resistance reduction (lower voltage is measured), series resistance (higher voltage is
measured), and correct connection to the module, but its measurement is optional. For
accurate voltage measurement reporting, cabling from the module leads shall be of sufficient
gauge to maintain less than 2 % voltage drop over the leads, or alternatively, a four-wire
configuration shall be used to separately supply current and measure voltage at the
connectors of the module(s) under test.
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4.1.4 Computer interface with camera and power supply for image capture

Computer control of the power supply and camera so that pre-programmed currents can be
quickly applied and coordinated with image capture are optional equipment that will provide
speed and improve accuracy of the imaging of module EL. Further if the image and its capture
settings are programmatically transferred into a file on the computer, it can aid in
automatically recording image parameters for reporting requirements described in Clause 6.

4.1.5 Image processing and displaying software

4.1.51 Assignment of image colours

The |image is transferred electronically from the camera to a computer for savingl and
mainfaining in raw image format for subsequent display and image post-processing.-Computer
softwlare should load EL image files, assign colours or a grey scale to each ‘signal |level
meadured within the PV module and any regions of interest. In the case of a colour image, a
legend to indicate the meaning of the colours or levels shall be provided. Lowest EL gignal
shall|be represented by black and the highest EL signal in the image should be represénted
by white; however, the image data of the active cell area shall not existiin’the upper extreme
to avpid detector saturation except where unavoidable (see 4.2.2.3). Tthe colours in the pcale
betwgen these extremes are not defined herein, but there should be no possibility of
misinterpretation by re-use of similar colours to represent multiple signal levels or by the
highl{ghting of areas where there are in fact no features; i.e.,the’ number of colors shoulld be
minimized.

4.1.5(2 Software capabilities

Software should produce histograms in counts versus EL signal level bin to quantitatively
interpret the images for features that are observed:

Basig software features that will be helpful,"depending on the nature of the original imagg, for
post-processing of images in the applicatian of this document include:

e Level range adjustment
e Cropping the image to the regien of interest

e Determination of EL signal;level at any given point on the image

rame subtraction: Uniform subtraction of noise signal including from dark current or|stray
ht, such as by subtracting the signal when the module is unpowered. An example of
sults from this(procedure is given and explained in Figure 3. This may be performed with
age processSing software or in signal processing software, including with puls¢s of
grward bias)current applied cyclically.

L]
= =

—_ =

ad pixelremoval

D
¢ Sjngletime effects removal
D
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e Barrel distortion

e Vignetting

Fundamentals of image processing may be found in published literature. [4] [5]

When programming for operations on images involving matrix calculations (e.g., signal-to-
noise ratio calculations, vignetting corrections), cast the data to double-precision floating
point variables to prevent numerical errors. For saving images after performing calculations,
image files may be reconverted to their original bit depth.
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a) Image of powered b) Image of unpoweréd c) pixel-by-pixel d) Image of modulq in
maqdule with stray light module with stray_light subtraction of Figures 3a) ideal dark room with
-3b) same camera settinds as
a) and b)
Figure 3 — Example of frame subtraction given in Figure 3a) to Figure 3c),
with images taken injideal dark room conditions given in Figure 3d)
Under stray light, areas where the pixels become saturated shall be discarded. The expopsure
duratjon is preferably Jimited such that the pixels do not approach saturation. Image quality for
subtrpction of stray-light purposes is significantly improved with cameras having greater
dynamic range. The noise level is however greater in the case of images taken with strayf light
after frame subtraction than images taken without stray light.
4.1.6 Safety and handling
EL inpaging of photovoltaic modules with insulated cables and connectors (as is recommegnded)
doesnl! M ko ” : S ts—t L any

electrical safety protocols should be taken according to the specific circumstances.

Handle PV modules and laminates with care when moving them into position for imaging as to
not cause damage that will introduce new features or artifacts in the module image.

4.2 Procedure
4.21 Camera settings and positioning
4211 Calibration

The camera should be in calibration according to any procedures specified by the
manufacturer. Time and date should be properly entered in the camera or image recording
computer if the functionality exists so that images may be later related to the time and date
captured.
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4.2.1.2 Angle from normal of module plane

Angle of view relative to surface is preferably normal with respect to the module surface to be
imaged. The maximum angle of view from module normal should be less than 50°. Emissivity
adjustment for angle is required if it is greater than 50°.

The principal light facing side of the module is imaged. However, it may be advantageous to
image bifacial modules from the opposite side as well.

4.2.2 Camera settings

4.2.2[1 General practice

For routine measurements, the image intensity for the camera at each forward hias cyrrent
level[may be optimized by adjusting the total exposure time, aperture f~-number), lor by| gain
adjugtment after a survey of modules of the type to be examined is made,hand then| kept
consistent. If changes need to be made to achieve the desired image intensity, exposure time
shall| be adjusted and the change recorded. See 4.2.2.3 for guidelines) regarding image
intensity.

4.2.2(2 Recommended camera settings (focus, gain f~-number)

A firdt, rough focus, may be performed by viewing in the visible light regime, but fine focus
shall|be optimized to the wavelength of the EL signal to bekimaged. This can be simplified by
using IR-corrected lenses. In this case the focus setting ‘is the same for the EL and vjsible
images. Focus shall be sufficient to resolve the features according to the desired leyel of
shargness defined in 4.2.3. An algorithm is given in{fAnhex B that may be used for computing
the optimum lens focus position.

Othef recommended settings are as follows;
Gain|setting shall be set to obtain optimum pixel depth resolution of module to be imaged,

f-nurlber shall not be changed between images to be compared. If an adjustable f~number is
available, choose the lowest f~number by default when imaging samples that are centened in
front [of the camera with the(optical axis passing through the center of the module. A different
f~-number may be selected and fixed if it is deemed to produce optimized results, such jas to
decrgase vignetting, increase sharpness, and increase the depth of field for imaging with an
obligue view of the moadule face.

4.2.2|3 Image-.intensity

Optimized <images will have less than 5 % area around the perimeter of the modul¢ not
produycing luminescence. The exposure shall be optimized (increased) to achieve max{mum
signgl«fenoise ratio, but limited such that pixels in the image are not saturated. Single| time
effects and random noise are not counted In this analysis of pixel saturation.

4.2.2.4 Comparisons of modules

Various module types and degradation processes may show differing EL behavior. For easy
comparison of a degraded module to an undegraded module, image the degraded module at
the original condition and optionally, with settings reoptimized for the degraded condition.
Only the exposure time may be used for the readjustment when comparing undegraded and
degraded modules in this way. The current shall not be changed. Perform any required image
frame subtraction (4.1.5.2) before additional post processing. When visual comparison is
desired for modules imaged with different exposure times, the intensities of the pixel may be
scaled in post-processing by inversely scaling the pixel intensities by the exposure time and
the modified image labeled as such. The brightest image intensity in such comparisons shall
be set according to 4.2.2.3.
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4.2.3 Sharpness determination and classification
4.2.3.1 General

The sharpness (S [mm]) is used as the index of the resolvable object size in the image
obtained by a camera, its settings, and the WD. It is the minimum real dimension that still
provides a contrast of 50 %. Sharpness is dependent on the pixel dimension, the linear
distance on the module sampled by a pixel, and it includes the effects of image blurriness. A
method for determining and classifying image sharpness is defined here. Comparisons for
quality of module(s) shall be made between images of similar sharpness classes.

4.2 32—Sharpress-measurement

The hereinafter described ‘V-cut’ measurement involves calculation of the intersection ‘angle o
and fistance rgy from two edge lines Ly, L, created by an opaque mask on |top of the
lumirlescent surface. To convert pixels into mm, which will be necessary to obtainthe value of
rs0, @ conversion factor between millimeters of length on the module and pixels in the image
shall|be obtained. It can be obtained from an object of known dimension in the image su¢h as
a cell or the module. The formulas needed for the sharpness determination are detailed in
Formjula (1) through Formula (3).

NOTE| This method is a modified version of the spoke target, also known as the Siemens star and sectpr star
target| based on a pair of lines (black-white-black group). Here it is modified such that only the bright fjeld is
examined.

Two pdges are created on an EL image of a monocrystalline silicon PV module. This can be
achigved with thin metal plates or opaque (e.g. aluminum film) tape over the luminepcing
regioh as illustrated in Figure 4. The angle o betwéen both edge lines should be betwegn 3°
and 6°. For an example edge length of 10 cm, this\corresponds to a distance of about 0/5 cm
to 1,0 cm between both edges at the open end."The edge lines run through the local mgxima
of an|edge gradient image GEdge (Figure 5).dhe Sobel operator discussed in Annex B may be
used|to determine Ggqge, though the Find” Edges function in the public domain soffware
ImageJ, or simple linear derivatives. may also be used. The middle line L, goes [from
intergection py of L4 and Ly to point py,in the middle of p, and p5. From all plotted EL image
intenpity values along L,, the distatnce r5, is measured from p, to that point on L, wherg the
imagg intensity equals the mean between the dark and bright EL intensity plateau
(ELioy» ELnign) a@s in the example’in Figure 6. The line lengths between points py and p}, for
examnple, are indicated by pypy in Formula (2).

To reduce the measurement uncertainty, this measurement shall be repeated at leas} five
timeq at different rotation angles and device positions. Finally, S shall be calculated from the
median of all individual results, where the angle a is in radians and the length r5,, mm on the
modyle surfacéx

S=135a-1g, (1)
_ Pob1’ + PoPs- — P1Ps- (2)
a = arccos(
2 PoP1 " DoP3

’ 3
Gpage = |GZ + G} (3)
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Figure 4 — EL image with introduced two edges using aluminum tape

IEC

Figure 5 — Edge gradient image Gg4,./from the Figure 4 EL
image’s first derivative in orthogonal direction G,

ELpign

0.5 (ELhigh + ELiow)=====""" 7

ELIow

IEC

Figure 6 — Excerpt of the EL image of Figure 4 and plot
of image intensity values along line L,

4.2.3.3 Sharpness classes

Three sharpness classes for intercomparing EL images are defined for application in practice
as follows, with S:

a) less than or equal to 1,5 mm,

b) less than or equal to 5,0 mm,

¢) and less than or equal to 15,0 mm.

4.2.3.4 Examples of images in sharpness classes

Examples of the sharpness classes are given in Table 2. In images of PV modules, the
sharpness may be limited by the diffusion length of the semiconductor material in the cells of
the module under test.
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Table 2 — Sharpness classes, examples of images meeting the criteria
of the classes, and examples of distinguishable features

Sharpness class Image example Examples of distinguishable features
a) R — . Grid fingers (depending on finger width)
Less than 1,5 mm AN -1-:.'|]:.‘|IH!||.-. ._JL s N Crack structure clearly distinguishable

- —-—

T ——

IEC

b) Effects of disconnected grid fingers

Less|than 5,0 mm Type A and B cracks

IEC

c) Busbars

Less|than 15,0 mm Isolated regions
Type C cracks

Areas of reduced lifetime

-_—— e~

IEC

See Annex C for definitions of crack types A B _and C

4.2.4 Imaging
4.2.41 Preparation and setup — General

If the module may be moved, place it securely in position for imaging. Modules may be
imaged on the front (normally sun-facing side). Bifacial modules may additionally be imaged
from the rear.

Make all necessary preparations according to 4.2.2 above, including preparations for camera
settings, focusing, angle, image framing and where possible, a darkened environment.
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4.2.4.2 Electrical connection

Connect the (+) and (-) electrical leads from the DC power supply to the sample, matching the
(+) lead of the power supply with the (+) of the sample. Ties or tape may be used to attach the
leads so that they minimize interference with the camera’s view of the sample.

4.2.4.3 Biasing and imaging

Imaging is taken at two bias currents sequentially for maximum information retrieval, followed
by an image with module disconnected, (i.e. a background image) for the case when frame
subtraction will be performed (4.1.5.2).

il

o 01 x I

e O0O|x I, — background images

Expopgure time may be optimized according to 4.2.2.3 for each bias currentapplied. Sep 5.2
for interpretation of the images obtained at each of the bias current levels. Apply I fofward
bias [o the module; voltage should be applied as necessary, but not toyexceed that spetified
by the module manufacturer for electrical loading of the module rjthe limits necessary for
laborptory safety. Take the EL image and switch off the forward bias current after ijnage
captyre. Repeat procedure for the 0,1 x I . (low current) image./Omission of one of the bias
current levels shall be listed as a process deviation when reparting the results (See Clause 6).
Finally, a background image is taken at the same exposure time as the electroluminesgence
images when frame subtraction will be performed for‘ithe removal of stray light effeqts. If
different exposure times are used, multiple background images have to be taken for all|lused
exposgure times.

which case alternate procedures or characterization techniques outside of the scope of this
document may be necessary. Additionally, some modules such as those intended fo be
conngcted in parallel may contain diodes”in series that may prevent current flow.

If thgre is no current through the circuit, therg may be an open circuit within the mod}le in

In sgme modules, series resistance behavior of the module in the dark may require| high
voltage to achieve the magnitude of /... Consult with the module manufacture on any limits for
appligation of voltage. Note ‘any deviations to the bias currents applied from those specifled in
this Clause and maintain_consistency of the applied bias currents for testing of the medule

type.

Tabujate the module model and serial number, image capture settings which may inglude
pixel| binning, gain, aperture, integration time, working distance, and focus setting, image
number, currents and voltages, and any comments based on observations about the ilnage
during image*taking for inclusion in Clause 6.

4.2.5L__lmage correction

After image acquisition, images are corrected to achieve, characterize, and optimize desired
image quality. Image corrections are essential if images will be analyzed quantitatively. These
image corrections are:

e frame subtraction

e vignetting correction

Frame subtraction of the background image from the electroluminescence image is performed
on pixel-by-pixel basis. Note that the background image has to be taken at exactly the same
conditions (including f number, position, exposure time) as discussed in 4.2.4.3.

Procedures for vignetting calibration and correction are given in Annex A.
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4.3 Image signal-to-noise ratio
4.3.1 General

Signal-to-noise ratio (SNR) is included in this document because it is an important factor in
image quality affecting the ability to distinguish electroluminescent features.

The EL signal is distorted by multiple noise sources: dark current or thermal noise which is
caused by the thermal energy of electrons in the camera sensor, photon- or shot noise due to
statistical fluctuations in the number of photons emitted from an object and other sources
produced by the electronics, like readout noise, ampllfler n0|se and quant|zat|on noise. The
SNR eatoaorizoc tha ratin ~Af o bhl~ o n ahla _ciana L o inviarcn 1o diracths ralatad + the
categerizes—the—ratio—efusable—to—unusable—sighal—ts—inverse—is—directhyrelated—

relative uncertainty of pixel brightness.

The BNR is determined using three images of a module type of that to be-analyzed for
imag|ng at each current bias level applied according to 4.2.4.3. The images shall'be obtained
according to the procedure in 4.3.2 and analyzed according to the calculation described in
4.3.3

SNRclass can be obtained from the EL signal of the active area of@-reference module (REF)
and applied when reporting EL images of other modules captured‘using a given camera if:

a) thg average pixel intensities corresponding to the activesarea of the other moduleg are
equal to or greater than that of REF, and

b) the¢ gain (or ISO speed setting) of the camera is not'changed.

4.3.2 Imaging procedure

a) Pllace and prepare the module and camera for measurement according to 4.2, in a manner
naracteristic in every way of the setup that is to be used for the purposes of reporting
ccording to this document. The images obtained for the SNR determination may al$o be
elected for Clause 6 EL imagereporting purposes. Background area of the meodule
hould be excluded—the imagé.should contain principally the active cell area. Neithgr the
bmera nor the module may-move during the capture of the images for application of this
rocedure. If there is slight*motion, then manual image translation shall be implemé¢nted
b that the images align exactly on a pixel-by-pixel basis.

b) Apply forward bias-current through the module until the module temperature is in steady
ate and then seguentially take two EL images, EL, and EL,, at the same forward bias
irrent as to be used for the obtained image for study, where EL is an uncompressed| grey
cale pixel artay. The data type for calculation shall be casted at a minimum of twicge the
t resolution of the captured images using floating point, preferably double precisiop 64-

t floatingpoint, to prevent numerical errors.

OOV vnTOnnoo

NDTE  ,Many common image formats store image intensities using unsigned integers. This ensurgs low
mk . } ; ; ; . images
for calculation purposes to a high bit depth, e.g., 64-bit (double precision) floating point variables. Example
code which shows the effects of precision on the SNR calculation is given in [6].

c) Take a background image of a module ELgg, where the module is in open circuit using the
same camera and imaging parameters.

d) Repeat for each bias current to be imaged.
4.3.3 Analysis

The following ratio of signal to noise is used to determine the SNR, averaged for the imaged
scene, SNRg:

2i(0.5(EL1 ()+EL, (K))—ELp(K))

SNR:, = :
50 Zk(|EL1(k)—EL2(k)|_m_(%) 0.5>

(4)
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All image operations for images EL;, EL, and ELgg are done pixel by pixel (k) in the
corresponding image arrays, and then summed for determination of the ratio. The signal is
defined as the average of both EL images, EL, and EL,, reduced by the background image
ELgg.

NOTE The noise level is obtained from the average absolute deviation (AAD) of both EL images. The AAD has a
higher stability towards outliers and can be scaled to a root mean square deviation (RMS) through the

-0,5
constant (i) . Because the noise level is taken considering a noise difference of two images, the factor /0,5

scales the sum of variances.

4.3.4 SNR criteria

Guidelines for minimal acceptable SNR depend on the measurement applicationOJlhese
minimum SNR are defined into classes as follows:

a) Lpboratory measurements: SNRg32 45
b)
c) Qutdoor measurements: SNRgq 2 5

ndustrial and process control: SNRgp2 15

Detefmined SNR for images obtained in this document shall be reported per Clause 6.

Exanpples of images at these SNRg, thresholds are given in Figure 7.

a) §NR ;=45

T ENTTH LT EN

IEC

b) $NR ., =15

50

IEC
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c) SNRgy =5

IEC

Figure 7 — Images of regions of multicrystalline silicon
solar cells with three SNR;, values as labeled

5 HEvaluation of EL images

5.1 Principles of electroluminescence

o) = 11 €XP(eV/kT)

Injected‘excess minority carriers

) np(x) N }’lp(o) exp('x/Le)
Total excess carriers

N= np(O)Le

\ 4
x

Edge of depletion layer

(x=0) _/hv

- / EL Intensity
: . [ XNt o)L,
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i il At it -
I
fv.>o

IEC

Excess minority carrier density n .y as a function of distance x from the junction in the p-n junction of a front
junction n*/p solar cell (top) and & band diagram (bottom) indicating electroluminescent recombination. n,,, e, k,
and T are the equilibrium minority carrier density in the p layer, electron charge, Boltzmann constant, and
measurement temperature, respectively [7]. EL intensity is proportional to the total integrated excesses carriers,
which is a function of the effective diffusion length L, of the minority carriers.

Figure 8 — Emission of light (hv) associated with
the electroluminescence process in solar cells of PV modules

EL fundamentally occurs because of electronic transitions between states in the
semiconductor material (Figure 8). This document focuses primarily on the signal of the near-
band edge luminescence (and not deep-level luminescence and other effects due to electrical
arcing or impact ionization). Near-band edge recombination associated with EL requires both
an electrically injected electron and a hole for the transition to occur. Majority carriers, the
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type depending on the type of the semiconductor, will generally be in abundant supply.
Minority carriers that are injected with electrical bias will exist to an extent depending on the
bias current supply that pumps the excess minority carriers, the ability for the current supply
to move across the device (modulated by series resistance), and the alternative, non-
luminescent recombination paths, which reduces the effective diffusion length of minority
carriers and reduces the supply of carriers available for the near band-edge EL signal.

5.2 Image interpretation

5.2.1 Series resistance

Areas ignal
becapise of the lack of supply of injected carriers at those regions. Conversely, for a given net
current supplied to the device, areas of reduced resistance to current flow will have hligher
numbers of injected carriers flow there and generate a higher EL signal. In the' absenge of
effects of varying minority carrier diffusion length, the EL signal will vary with) the vagltage
potential across a cell in a module. Assuming other parameters are not changing, the vdltage
betwegen two points (x4 and x,) associated with series resistance in an EL\image is related to
the lggarithm of the EL intensities K(x4) and K(x,) at these points multiglied by the Boltznann
consfant £ and the temperature T in Kelvins as:

AV(x1,%0) = kT - (IN(K(x1)) — IN(K(x0))). (5)

5.2.2 Minority carrier lifetime and diffusion length

At fofward bias currents not significantly limited by seties resistance, EL signal is proportional
to the effective diffusion length.

5.2.3 Shunt resistance

Shunits through the p-n junction of a cell.provide alternate recombination paths to the phear-
band|edge recombination responsible for,EL signal. High currents applied to the device (such
as Ig|) may saturate leakage paths associated with shunts, thus the cells in a modulel may
appepr bright except at the shunt<locations. When current applied to the device is requced
(such as 0,1 x Iy;) then unsaturated shunt paths may (depending on the extent) rgduce
overgll minority carrier densjtysand overall cell EL.

5.2.4 Assignment of root cause

While defects such @sCracks are seen in EL with an easily recognizable signature pattgrn, it
is nol always possible to assign a specific physical phenomenon using EL images taken at a
unigye forward)ybias current and temperature. Signals taken at two bias currents| and
combined with)‘infrared thermography, photoluminescence, or laser-beam induced current
methpds can*be used to further deconvolute various root causes of EL signal variation agross
modylessurfaces. Some generalizations for determination of class of defects are as follows:

o S Iulltb Ul di€ds Uf IIUII'iuIII;IIUDbUIIt IUbUIIIb;IIdt;UII VV;” bc SCCIT dS ddl;\ dalcdo Wltil ; ;gher
bias currents applied, whereas whole cells will appear darker with lower bias current.

e Contrast due to variations in series resistance will be low at low bias current, but
increased contrast will be seen at higher bias current.

5.3 Histogram-based analysis of the electroluminescence signal
5.3.1 General

This subclause describes quantitative metrics of module quality that can be extracted from the
statistical distribution of intensity data in EL images [8]. These methods, except where noted,
do not fundamentally inform about the underlying mechanisms that may be affecting the
module quality. Any or all of these analyses may optionally be applied to extract quantitative
metrics, which provide indicators of the consistency or variability in the EL image of the
module(s). A consistent, narrow distribution is desirable.


https://iecnorm.com/api/?name=554211bc4e008a25253dfb3bd2d37900

- 22 - IEC TS 60904-13:2018 © IEC 2018

Creation of histograms and their derived statistic from the images of the module active area(s)
and image analysis software will be generally required for application of these techniques.
The histograms consist of counts of pixels at each EL intensity bin. These techniques should
be applied only to the active area of the module(s). Irrelevant areas of the background shall
be minimized during imaging, cropping, or through other digital analyses of the EL distribution.

A reference module free of known defects is useful for comparison against degraded modules
of the same type. Any degraded module shall reference and replicate this same image
capture processing condition as the reference module; however, the exposure time may be
adjusted to achieve the desired signal level as discussed in 4.2.2.3.

5.3.2 Image information
Complete details about module(s) model and serial number, image number, current, voltage,

modyle temperature, camera settings, and any comments observed about thenimage during
image capture shall be noted.

5.3.3 Bias current effects

When compared, images shall be performed at nominally the same, bias current levels.

5.3.4 Analysis of intensity distributions
The widths of histograms of the intensity distributions @at- 0,1 and 0,5 maximum mgy be
compgared [8]. Bimodal distributions, or other multiispeak distributions shall be noted.

Thresholds for separation of the distributions may,be)required for application of analyses,
such|as in Annex C.

5.3.5 Variance

In this analysis the mean EL signal of all pixels of the module image is computed anfl the
variahce is calculated as the average.of the squared differences from the mean. A hfigher
variapce means greater variation of EL*across the module(s).

5.3.6 Kurtosis

Kurtdsis is an indicator of existence of tails to the distribution, a high kurtosis indicates there
are extremes in EL signals from the module.

5.3.7 Skewness

Skewness indicates a tail to the distribution that is predominantly either positive or negative.
A skew to thenegative side is an indicator of regions of lower EL.

5.3.8 Pixel (or area)-weighted electroluminescence relative to an ideal module

The difference of the relative histograms between the module under test and the ideal
(reference) device of the same type is computed. For this purpose, both histograms have to
be divided by their respective device area in square pixels. The sign and magnitude of the
elements in the resulting array plotted as a function of EL intensity is the relevant metric. A
specific technique for analyzing extent of cell cracking developing on this method is given in
Annex C.

6 Reporting

A report of the testing with measured performance characteristics and details of any failures
and re-tests is prepared by the test laboratory or agency. The report shall contain the detail
specification for the module. Each test report shall include at least the following information:
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a) atitle;

b) name and address of the test laboratory and location where the tests were carried out;
c) unique identification of report and of each page;

d) name and address of client, where appropriate;

e) description, characterization, condition, and identification of the item tested;

f) date of receipt of test item and date(s) of test, where appropriate;

g) identification of measurement equipment used, including camera, detector, and lens and
type;

h) infermatien—eitherbyreferencing—the—appropriate—elatses—efthis—document—eraddiional

infformation as needed, describing the applied image corrections, including but notlimited

tg handling of single time events, stuck pixels, and background removal, enlrancegment

wijith filters or other manipulations of the raw image file;

i) rgference to sampling procedure, where relevant;

j) determined sharpness and sharpness class, SNRgy and SNR class, (@and corresponding
application category for the imaging conditions and if evaluated specifically for the module
imaged or the REF module;

k) exposure time, WD, gain (or ISO speed setting), f~-number of aperture;

[) apy deviations from, additions to or exclusions from the\test method, and any pther
infformation relevant to the specific test, such as environmental conditions;

m) images (pre- and post-processed, as applicable) obtained during the examinationy and
derived results supported by tables, graphs, histogram data, sketches as appropriate
showing module orientation when mounted infarfays (Figure 9 shows a schemg for
rgferencing particular cells in movable modules);

n) clrrent and voltage (if measured) applied on~the module under test, module temperature,
camera settings, working distance, imaging angle (degrees from normal), and nominal
ambient light conditions;

(a) (b)

1,A 1,B 1,C 1.J 1.J 2, 3. 4, 5, 6./ 7. i
2A | 2B 2,C |24 1, [2,C |3C |4C |5C |6C |7,C |iC
3,A 3,B 3,C(|13J 1B 2B |3B |4B |5B |6B 7B ||B
4A | 4B |4C- | 4j 1A [2A |3A |4A |5A |6A |7TA | IA

5A 5B 5C | 5j
6,A [\6,B 6,C |6
7.A)17,B 7C | 7j
IsA i,B i,C i.j

The dpfault-position, when the module is movable shall be the junction box (or if no junction box, the ppsitive
connetter)/On the left or top (typically on the backside of the module).

Figure 9 — Scheme for labeling position of cells in a module viewed from the light-facing
side according to coordinates (i,j) in portrait orientation (a) or rotated into landscape
orientation (b), which shall be indicated if applicable

0) any failure, with position in module and type of defect;

p) a statement of the estimated uncertainty of the test results, including SNR information
(where relevant);

q) a signature and title, or equivalent identification of the person(s) accepting responsibility
for the content of, and the date of the report;

r) where relevant, a statement to the effect that the results relate only to the items tested;

s) where relevant, a statement that the report shall not be reproduced except in full, without
the written approval of the laboratory.
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Annex A
(normative)

Procedures for image correction

A.1 Dark current and stray light removal

Dark current or stray light effects of all taken images shall be removed before other
correctrorrs (c.y. v;yllcttilly) can—be—determinred—Fhis—can—be—dorme—with aubtlabt;lly pvery
image by an image taken with the module unpowered (frame subtraction). See 4.1.5:2 and
4.2.5

A.2 | Vignetting

A.2.1 Vignetting correction

Vignetting is the phenomenon whereby intensity of the image fallsctoward the edges pf an
imagg taken by a camera. There is an effectively reduced area of camera aperture for light
entering obliquely. Some cameras (or their associated software) may have vignetting
correlction built in. If left uncorrected, vignetting can be confused for degraded emission|from
cells|in the module that are toward the edges and ,corners. The following analysig, for
simplification, assumes the module to be imaged is plaged normal to and centered diredtly in
front [of the camera. A theoretical description of thevcorrection for the loss of light dle to
vigndtting is given, followed by the applicable method for correction.

A.2.2 Vignetting as a function of angle from the optical axis

Images (after processing for frame subtraction) are divided by the i X j matrix Zyigon a Dixel-
by-pikel basis to correct for the influence’ of the distance from the optical axis on the intgnsity
[9]. Tlhis matrix can be theoretically-derived—it describes the loss of light on the image plane
due tp vignetting:

Zyg=A- (1—a- D) (A1)
A=—1t (A.2)
D
(=)
D ={(x—2x)%+ (1 —yo)? (A.3)

Where f'is the focal length, « is the empirically determined geometric vignetting factor and the
matrix D gives the distance from the optical image centre (xq, yo) for the pixels (x, y), given in
Cartesian coordinates. The operator (-) multiplies pixel-by-pixel: If C=A-B, then the pixel value
atindex (i X j) C;j = A;j* By .

A.2.3 Correction for vignetting

The drop in intensity from image centre to image corner shall be corrected.

Extent of vignetting may be determined empirically with images using either:

a) a single cell module of with the cell type of interest, sequentially moved over the object
plane (up to and including the extremes of the field of view) in an array of 9 by 9, or,
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b) an average image of at least 15 images of module of the cell type of interest, imaged
directly in front the camera lens normal to the camera optical axis. No gap should be
introduced between camera lens and device. For every image, the device should be
moved slightly (including a rotation) to average out inhomogeneity. A single cell module is
useful for this procedure.

With images obtained by either of the above methods, a formula or matrix of the resulting
intensity surface with any fall-off of intensity toward the image edge compared to that of the
intensity at the centre shall be obtained and used as the divisor to correct (normalize) for
vignetting when performing EL imaging of modules. A correction matrix may be determined
numerically with the above collected images. Images collected for correction of vignetting (i.e.,
for creation of the correction matrix or pqunfinn) are divided hy a_representative | age
maxijmum. This maximum can be obtained from the median of the brightest 5 x 5, |pixel
area,| which associated with vignetting theory, is in the vicinity of the optical axis- of the
camgra. A correction matrix in the form of Formula (A.1) may be a useful form of the“equation
to apply as a starting point, but should be verified and adjusted as necessary to‘obtain images
void pf vignetting for the particular camera and imaging setup. The same carrection matfix or
equation shall be used for subsequent EL images that will be compared\with one anpther
when imaged with a given camera, lens, and f~-number.
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Annex B
(informative)

Focus

General

Focus should be optimized to obtain the desired image sharpness class in 4.2.3.

2018

B.2

The
lens

Application of the Tenengrad function and Sobel operator

hlgorithm described in this Annex may be used to electronically determine the opt
ocus.

mum

The ¢ptimum focus level can be determined by evaluating the image sharpress of a series of

imag

Wher
direc
Gaug
conv

The

depe
sharq
(Figu

bs. A relative measure for image sharpness is:

Tenengrad (EL,) = % K20 (G +G,%)

e G, and G, are the first derivatives (the image intensity gradients) in the ortho
ions in the images. To reduce the influence of nqise, the Sobel operator, a com
sian smoothing and differentiation operationyyis’ used. Herein every image piX
blved using a 3 x 3 kernel depending on the direction (x,y) as follows:

-1 0 +1 -1 -2 -1
Gy=|-2 0 +2|-ElLandG,=]0 0 0|-EL
-1 0 +1 +1 +2 +1

mage is focused if Tenengrad(EL) is at maximum. The absolute Tenengrad (EL)
hds on the imaged scene and doesn't allow for conclusions about the absolute i

indici

28gd
20e4
1524
10e4

Sed

(B.1)

jonal
bined
el is

(B.2)

value
mage

ness. Tenengrad (EL) may."be calculated using the full image or a region of inferest
re B.1). As long as focusable details are included in the image, the maximum poir
hte the best focus.

t will

The green square indicates the region of interest for the calculation. At the bottom of each image, the calculated

Tenen

grad (EL) is shown over corresponding images produced at different focuses.

Figure B.1 — EL image of a solar cell (left) and a silicon module (right)
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CcA

Annex C
(normative)

Quantifying solar cell cracks in photovoltaic modules

General

The method described herein is for quantifying cell cracks in photovoltaic modules that can be
used as a diagnostic tool to rate cell damage, specifically by cracking, especially of modules

after

Solar

trans
stres

C.2

mnnufgnfnrn, frnncpnrquinn, inefnllnfinn’ and field SXposUfe [1 ﬂ]

cell cracks can occur during manufacturing, mechanical stress sustained during m
portation, installation of the photovoltaic (PV) module, wind and snow loads,-and th
5es.

Cell crack modes

Three cell crack types are distinguished [11] and illustrated in Figure-C.1.

a) M

b) M

DS Z O

ode A cracks: cell micro-cracks that appear as line defects in EL images that d

remove active cell area from the cell or cause significant cell power loss.

pntrast when 0,1 x I is applied.
ode C cracks: cracks that delineate esséntially electrically disconnected regions

ad to reverse biasing of the solar cells and hot-spots.

The quantification technique described herein is applicable to determine the

bdule
ermal

D not

ode B cracks: cracks that delineate partially electrically disconnected regions. These
reggions exhibit high contrast in EL images produced with / . applied current, but requced

from

e remaining module electrical circuit. Appearing dark (background noise only) with ¢ither
c or 0,1 x I . bias current applied, thése regions cause power loss, and in some gases

IEC

Figure C.1 - Single cell region of a module with 0,1 x I
applied showing crack types, as labeled

affected by mode B and mode C cracking.

area fraction
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C.3 Basis of cell damage quantification

Histograms of EL images that have been corrected for vignetting, cropped to the active cell
region are created and used as the metric for evaluation. The intensity histograms consist of
counts py, (/) as follows (Formula C.1).

n.
pm@=—, 0<i<L
n (C.1)
where i i the
corresponding location of the module, »; is number of occurrences of gray-level i, n is_the| total
number of pixels in the image, L is the number of gray levels of EL intensity values thaft can

be recorded and represented by the EL camera normalized to the maximum [evel.
Normalization is necessary to be able to compare histograms of EL images ‘taken| with
different cameras.

Using I . forward bias current, bimodal distributions will normally be s€gn in such histogram
distriputions of EL pixel count by intensity bin. The higher intensity peak consists of normally
performing active cell area, and the low EL (LEL) regions willdinclude, depending on the
modyle, reflected EL emission at regions between cells, metallization, and regions of gctive
cell that have reduced performance. In the case of modules with-additional cell damage, those
damgged regions will be responsible for increased pixel counts”in the LEL intensity region.

Histograms derived from the EL images of modules hayving cells with suspected damagg are
compared to a histogram obtained from ideal (best-in‘class) undamaged modules of the §
type o obtain a metric for that damage.

An example of a series of histograms for the\best-in-class modules (marked by module|STC
power performance of P.,,, = 100 %) and module states with broken cells as indicatgd by
lower P, .5 values is shown in Figure C.2; obtained with Iy, forward bias current.

Histograms derived from the EL “images of a module type under study obtained with I,
current are first analyzed to define the LEL region for that module type. Defining the threshold
valug TH that defines the upper‘limit of the LEL region can be achieved in two ways.

a) Analyzing the EL images of the module type and determining an EL intensity valug just
elow the level contrasted by a mode B cell crack (existence of mode B cracks wjll be
bcessary to determine this). A mode B crack threshold can be considered as the [most
enign crack.that still produces a contrast in EL intensity across it with 0,1-/,. bias cyrrent.

O

pparatés-the two Gaussian sub-distributions of py,(i), such that their combined intra-class
briance’ is minimized to distinguish active emitting cell area from background. A begt-in-

n
b

b) Use an image-segmentation algorithm that calculates an optimal threshold valug that
s

v

class,module shall be used for this analysis.

Where there are two or more different cell intensities, for example, from differing material
quality, emissions from those various cell types shall be combined and considered a single
sub-distribution for separating from the background. Cropping the image to include only
the class of cells in the module of the lowest characteristic luminescence for determination
of threshold can permit more accurate determination of TH.

NOTE Otsu method [12], for example, may provide a suitable image-segmentation algorithm.

Derived TH value obtained from the module type and imaging conditions (this includes current
bias, exposure level, camera focus and position, ambient light noise or dark frame subtraction)
should be kept constant in subsequent measurements for a given module type.
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= A
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Q
0,015 —
| a) Prayx = 100 % ;/J\'*
1 b) Prmax = 97,1 % / \

A €) Prax = 93,9 % i \

0,01 — / \
d) Prax = 89,8 %

-

0,6 0,8 1
Normalized EL intensity level (i)
IEC

as obtained with /g forward bias current.

gure C.2 — Example of normalized EL intensity histograms calculated from the

indicated by P

max

Onceg TH has been determined to be used\for images of a given module type obtained

I T
regio
per H

N, LELy,, by integrating the sub- TH EL intensity distribution (number of pixels) from
ormula (C.2) for each modulge:

LEL [%]= lOOf: p,():

=0

The fotal percent area degraded for a module, Dy, is calculated by determining the diffe

in LE]
for th

e best-in-class module determined also using Formula (C.3), as follows:

D, ,.|%|=LEL, LEL, .

w electroluminescence (LEL) region that exists below the threshold intensity (TH) is shown hatched. The

EL

es of modules with various levels of cell cracking and resulting power degraddtion,

ising

rward current, it will be necessarycto calculate the total percentage of low EL intgnsity

Pm(i),

(C.2)

ence

I\, for the/degraded module in question, and LEL,,, that pixel count below TH intgnsity

(C.3)

The total percent area of a module degraded by mode B and mode C cracks is obtained with
EL images obtained with /.. forward bias current using Formula (C.3) and is referred to as
Dy_ge:

Total percentage area degraded by C mode cracks is obtained with EL images using 0,1 x I,

current and Formula (C.4) and is referred to as Dy, . For images obtained using 0,1 x /
corresponding TH ¢ shall be separately determined for each image to calculate Dy, . The

sC’

region below TH  shall be defined as dark areas of mode C cracks. Typically, there will be an
increase in intensity corresponding to real EL intensity emission, which is the threshold TH .
Alternative methods for compute TH s can be found in the literature [13].
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The TH  value in cells without any mode C cracks should exist where the histogram count
starts to increase.

TH,

D, [%]=1003’p, ()

(C.4)

The area of the module affected uniquely by mode B cracking, Dy . is obtained with (C.5) as

(C.5)

e to
hntify
y be

follows:

Du_x [%6]= Dy_sc 7Dy_c'
The D\ parameter is designed to quantify the increase in low EL intensity regions d
cracKing relative to a best-in-class module. It will not be able to exclude nor,_properly qu
othen solar cell defects and degradation modes, such as cell shunting/*These ma
distinguished before performing this analysis referencing Annex D.
C.4 | Procedure
a) Flor each module type, obtain EL images using the methads in the body of this document,

11

b) D
p

d)

e)

cluding for Iy, and 0,1-/,, forward bias current:
a best-in-class module (such as an un-stressed c¢ontrol), and
modules for the quantification of cell crack damage.

nages should be taken under the same optical conditions and same image proce
ocedures (including the same cropping to the active cell circuit) and parameters. 1
Il be two separate exposure times agcording to images obtained with /. and 0
rward bias current.

etermine based on qualitative critéfia given in Annex D, if the mode of degradati
Fimarily by cell cracking. Do not.apply this procedure to modules that exhibit degrad
at is not essentially due to cel-cracking.

alculate histograms, p),.(i):for all images (Formula C.1).

etermine TH for images-obtained at /., and LEL,, based on the best-in-class mog
hich will be fixed<for images of a given module type obtained with I . forward
Lirrent.

or each module-for which damage is sought to be quantified,

choose TH for each module for images obtained with 0,1-/. forward bias current

determifie-Dy gc using images obtained with /. forward bias current (Formula C.3);

5sing
[here
1-Ig

C

on is
ation

ules,
bias

~

D

C.4);

determine Dy ¢ using images obtained with 0,1-/;, forward bias current (Formula

f) For each module, report damage (percent) of mode B cracking Dy, g and mode C cracking
Dy ¢, in addition to the requirements of Clause 6. B

Optionally, but highly beneficial for interpretation, when locational information of each pixel
can be tracked in software during the analysis, display an image for each module where pixels
counted toward Dy, g and Dy, ¢ are regionally shown by contrasting colors. See the example
of Figure C.3. B B
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Mode
fractiol

(a)
B cracks are shown as yellow (area fraction Dy, g = 9,04 %) and mode’&;cracks are shown as red
n DM_C =1,85 %). -
Figure C.3 — Example of quantifying solar cell Cfgéks in photovoltaic
modules: (a) EL image produced with 0,1- 1, rward bias current,
and (b) image of regions consi@red damaged

\
>
<

%

(area
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Annex D
(informative)

D.1 Qualitative interpretation of electroluminescence images crystalline Si PV

modules

This annex should be used along with the information in 5.1 and 5.2 for understanding the
root cause, and 5.2.4 for understanding the current bias level dependence of defects causing
shunts or manifesting in areas of higher series resistance, see Tables D.1 and D.2.

Table D.1 — Descriptions of observables, features, and known causes,
along with electroluminescence images for crystalline Si modules Q\

Deflect type and prognosis

Missfing, broken, or
delaminated grid finger
lined. Missing or broken grid
fingers (confirmable by visual
inspgction) are generally
stable and their influence is
captired in the efficiency of
the cell.

Grid| finger adhesion may
contihue to degrade over time,
degrading the cell and module
perfgrmance.

Redyced lifetime—cast
silicpn origin.

Exisfing over particular grains
or regions of the ingot that
contain elevated defect or
impufity concentrations. They
are generally stable over time
and [their influence is largely

module. (')O
&
O
D

Belt n\é.)Developed during
cell fi?m , they are generally

captdred in the initial* |
efficiency of the cell @.

Image

:; -

o 0 i Jﬁf‘

g W - /T

s

stable over time and their
influence is captured in the
initial efficiency of the cell and
module.

;ﬂ
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Adhered wafers during
processing. Areas of poor
contact resistance or improper
junction formation during cell
processing. They are generally
stable over time and their
influence is captured in the
initial performance of the cell
and module.

IEC R
Wafgri/cell contamination.
Localized areas of low EL
signal, especially when

systgmatic from cell to cell,
may be assignable to
wafef/cell contamination by
handfing equipment.
Alterpatively, localized
shunting due to material (such
as cpntact metallization paste)
contamination. They are
generally stable over time and
their| influence is captured in QO IEC

the initial efficiency.

Celliwide lower minority
carrier lifetime. This may
occuf from lower minority
carrier lifetime based on the
positjon of the wafer in the
ingofl that it came from and
impufities in the wafer
inhedently contained. Such
defe¢ts may be alternatively
assofiated with cell shunting.
Grid | finger breakage is also
seen|in this image.
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