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ABSTRACT: We report on studies of the emission of light from industrial multicrystalline silicon sella under fo-
ward and reverskias Camerabased minescence and dark leak thermographymaging techniqueare used tetudy
the spatial distributiorof and energy dissipation at ptereakdown sitesThe prebreakdown is associated with am i
creasean temperature and the emission of visible lightree different breakdown types are distinguished by invéstiga
ing the local luminescence and dark laoskthermography signal as a function of the reverse Maseover, ve show
thatspecificareascharaterized by recombination active fine dendritic likéso give rise to subandgap luminescence.
This luminescence has a broad wavelength distribution with a maximum at around 155@iaies of multicrystalline
silicon solar cellswith different intersitial oxygen concentrations andeetron microscopic analysis suggest thas th

light emission is directly related to clusters of oxygen.
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1 INTRODUCTION

The breakdown voltage af solar cell is an important
parameter for its clagiation. In case one silicon solar
cell in a string of a solar module is shadowed or partly
broken, this cell is reverse biased by the other cells in
that string to about 10 to 20 V. Thus, the breakdown
voltage of a solar cell should be considerabighler.
Assuming an ideal abrupt juncticend a base doping
concentration betweer$ 50" and 2 10'° cm® one would
expect a breakdown voltage in the range of 90 t& 60
[1]. However, specially in mc-Si solar cells breakdown
is often observed at considerably lower voltagesaad
dominantly occurs at l@tized spotsLarge current flows
through these prbreakdown sites result in the formation
of so-called micro plasmas which arecampanied by the
emission of visible light in the walength range between
500 and 100Gim [2-5]. At the same time the current
flow also results in local égting [6]. In photovoltaic
modules, the temperature of thoset spotsmight be-
come high enough to cause a damage of the module e
capsulationUsing infrared imaginghot spots have been
found to occur preferentially in dislocatigith areasT].
Interesingly, luminescence emssion in the wavelength
range between 1500 and 17@®, resulting from radi-
tive recombination via efect states in the band gap, is
also primarily found in aas of high dislocation density
[8]. In this work we address the atien whether the
physicalorigin of the sukbandgap luminescence and the
local prebreakdown is the same.

2 EXPERIMENTAL RESULTS

2.1 Setup and measurement details

The experimental setup consists of a blackened box
which is equipped withither of two cameas. While for
the luninescence imaging a 64812 pixel focal plane
array InGaAs camera is used, fDEIT measuements are
performed using an infrared camevah an MCT sensor
sensitive in the wavelength range from 3.9 to 5 um. For

3 Electronic mail: k.bothe@isfh.de

a) forward-biased EL +0.6V b) reverse-biased EL -16V

v

28 0
5A d)

8 Signal [a.u.]
c) EL(70°C)/EL(

Signal [a.u.] 125
sub-band-gap EL +0.6V

o -

200

o

1 Signal ratio 15 0

Signal [a.u.] 50

Figure 1: Electroluninescence images capturethder
different bias conditions and sample temperatures. a) EL
image at 0.6 V forward bia%) luminescence emission
image under16 V reverse biag) ratio image of two EL
images captured under the same currentitomd of5 A

at T=70 and D°C, d) integral (1450 to 1700 nm) sub
bandgap luminecence at 0.6 V forward bias,

both measurements the solar cells are conneotedh-
polar power source using a fepoint contacting scheme
with 25 probes on each bus b&uring the masue-
ments, a thermostat stabilizes the terajpee of the solar
cell at 25 °CThe DLIT measurements arerfirmed at a
lock-in frequency of 2Hz corresponding to a thermal
diffusion length of 1.2 mm in silicon. Aklectrolumine-
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cence(EL) images are aoected for stray light and dark
noise by subtracting a dark image recorded at equalexp
sure time but with no voltage applied to the cell under
test. Detailed descriptions of the physical principlas u
derlying the camerbased DLIT and EL témiques can
be found elsewheredf13]. TEM images were taken with

a Philips CM 20 TWIN TEM which is equipped with an
EDX analysis system by Noran Ingtments.The samples
under test are 12925 mn? alkalinetextured industrial
multicrystdline silicon solar cells

2.2 Results and discussion

Figure 1 shows luminescence emission images of a
block-cast multicrystalline silicon solar cell under rfo
ward and reverse bias. In imagleof Fig 1 the bandto-
bandluminescence emissiamder 0.6V forward bias is
shown. his EL image shows areas of strongly reduced
EL signal along fine daritic lines (areas marked red) as
well as areas with an even higher density of recoasbin
tion active sites appeag as dark clusterG@rea marked
white). The dendritic lines are typicafor multi-
crystalline silicon and originate from intgrain defects
such as stacking faults and dislocations. These crystall
graphic defects are often decorated by impuritiever i
purity clusters and give rise to amcreased nomadiative
recombination etivity and thus to a decreased EL signal.
In those regionsppearing as dark clusters the density of
recombination active sites is caderably enhanced such
that dendritic lines can hardly be recognized anckit r
mains unclear whether only the densitydendritic lines
is so much higher in these areas or if additional recomb
nation sites are responsible for the low EL signal.

Fig.1b) shows the light emission image 46V
reverse biasThe light emission in the reverdelL mode
is related to local avanche breakdowipl4,15] or inter-
nal field emission(IFE) [16] accompanied by the emi
sion of light[17,18]. However, more complex meaha
isms like impact ionization of deep state9,p0] and
trap-assisted tunneling might also be responsible for the
light emission. In regions appearing as dark clusters in
the EL image under forward biasofnpare e.g. areas
marked white in Figl a) and 1b)) we also detect br&a
downrelated light emission under reverse bias.can be
seen from Figlc), for both regions appearirdark in the
EL image we find a strong change of the EL signal with
temperature inidating a strong temperature dependence
of the carrier lifetime. In the cluster type regions the
change with temperature is found to be strongen-co
pared to dendritic lineype regions.

Fig. 1d) shows the subandgap luminescencem-
age for the wvelength range between 1450 and 1700 nm
at 0.6V forward bias. Cmparing images a), b) and c) of
Fig. 1 and especially those areas marked rededbimes
obvious thatsub-band-gap luminescence predominati
ly occurs in regions charactrized by dendritic lines in
the EL image and thatbreakdown-related emission
under reverse bias isnot observed in these regions
These esults confirm previous results by Kasemann et
al[21] obtained forsimilar samples using the sameaech
racteriztion techniques.

In conclusion, areas exist where dwdndgap U-
minescence is founéhdependent of the occurrence of
breakdowrrelated luminescence even though a broad
distribution of energy states is a prefeial situation for
trap-assisted tunnelingndler reverse bias. Thus, on the
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microscopic scale the origin of silandgap lumins-
cence under forward bias and breakdeetated lun+
nescence emission undeverse biasnust be different.
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Figure 2: Upper image of the integral luminescence
emission in the wavelength range between 1450 to 1700
nm of a mulicrystalline silicon solar cell (same cell as in
Fig. 2) detected at 0.9 forward bias using an InGaAs
camera;Lower. luminescence spectrum of a repreaent
tive area showing a high siddandgap luminescence in
comparison with an area showing no <and gap lum
nescence.

As shown in Fig2, a spectral analysis of the sub
bandgap luminescence reveals a broad peak witha ma
imum at around 155Am indicatinga rather broad distr
bution of energy states with a maximuogdted at around
0.8 eV away from the conduction or valence band.i-Sim
lar spectra have previously been published byinTaj
[22] attributing their occurrence to oxygen clusters
formed during anneilg of Czochralskgrown siicon at
around 470°C and Koshka et &3 investigating muit
crystalline edgalefined filmfed grown silicon by pbto-
luminescencdinking the 0.8 eV defect band to grain
boundaries with accumulated impurities, such agex.

To confirm the existence of oxygen clusters at-sub
bandgap luminescence sites a transmission electron m
croscopy (TEM) sample is prepared out of the area of the
solar cell where only subandgap lunminescence was
detected. This area isarked by ayellow squarein Fig.

1. The TEM sample was directly prepared at ateluof

the demritic lines as showed in Fig.al In the invest
gated area (16@.00 pnf) four precipitates were found.
Fig. 3 exemplarilyshowsa TEM image of one of these
precigtates and the corresponding EDX analysis spectra.
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The spectrum shows a peak at 0.525 keV which is the
oxygen Ka, peak. The EDX analysis at a reference point
somehundred nmaway from the precitate shows no
such oxygen peak. The EDX spectra of the other three
precipitates show the same oxygen peak. At both pos
tions no further EDX peaks are detected for energies up
to 40 keV indicating that metal impuritiel® not conti

bute to the suibandgap luminescence.
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Figure 3: TEM image and EDX spectra of from center of
the area rarked by orange square in Fig. This area is
characterized by recombination at dendritic lines which
also show strong stilandgap Iuminescence but no light
emission under reverse bias. The EDX spectra taken of a
precipitate located at the crossing point of two dislocation
lines shows a clear oxygenaK peak (yellow curve)
while no oxygen is found at a reference point (blue curve)
somemicrons away. Both regions show thea@tteristic
silicon Kal peak.

For wafers with interstitial oxygen concentrations
well above 210" cm?® as found in the bottom regions of
mc-Si blocks, Moller et al. 24] reported that oxygen
precipitation not only azurs at dislocations but als@-h
mogereously throughoutthe bulk. Thus, solar cells made
out of oxygen rich m&i wafers should show a hormeg
neous sudbandgap luminescence emission superi
posed by a stronger emission at dislocations sitessinve
tigating bbck-cast multicrystalline silicon solar cells
from different block positions and oxygen contzations,
we are able to confirm this assumption exmpentally.
Figure 4 shows the subbandgap luminescenceof two
solar cells from different paions out of he same block.
While solar cell a) from the bottom region thie block
shows a homogenus subbandgap emission supen-
posed by some brighter spots, cell b) from the middle
region shows the typical bright local emission. It should
be noted that solar celfrom the very bottom region of a
multicrystalline silicon block show a significantlye-r
duced EL contrast compared to solar cells from the: mi
dle or top egions, independent of the interstitial oxygen
concentation. Areas with characteristic dendritic éis or
dark clusters resulting from twin boundaries accamigx
by dislocations and stacking faul@5] are not fequently
found in those cells. Since oxygen precipitation predom
nantly occurs at diocation clusters, local stisandgap
luminescence is moreften found in solar cells coming
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from the middle or topegions of multicrystalline silicon
blocks.

The light emission under reverse bias may follow
from a perturbation of the electiic band structure which
in generakan be caused by both, metal imgies as well
as oxygerrelated defects. While a preference for SiO
particles situated in the space charge region ofpthe
junction has recently been published by Wagner aed W
ber [26], the incorporation of metal impurities cannot be
excludedyet Thus, fom the current statusewbelieve
that sites contaminated with metal impurities appear in
reverseEL images, whileclean oxygen precipitates at
dislocation linegyive rise to ab-bandgapluminescence

a) bottom, [0]=9x10" cm”

Sub-band-gap luminescence [a.u.]

Figure 4: Integral sukbandgap luminescence egsion
in the wavelength range between 1450 to 1700 em d
tected from 0.6 V forwardiased blockcast multicrysta
line silicon solar cells. The cells are taken from défe
block positionsand with interstitiabxygen concentration
of 910" cn?® at the baiom t033 10" cn? in the middle
of the block While cell a) taken from the bottenear
region shows a hongereous luminescence emission
superimposed by some bright spots, de)ltaken from the
centerregion of the same blockhows the charactestic
local subbandgap luminescence ession.
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Figure 5: DLIT and EL images of a multicrystalline silicon solar cell at revdiss vd-
tages rangingrébm -10 to-16V. The positions marked with white circles are randomly
chosen for detailed investigations of the local reverse characteristics (ség Fig.

The high current flow at local breakdown sites is 800
associated with a local tgerature increase. Thus, pre
breakdown sites under reverse bias can be well clearact
rized by dark lockn thermography @verseDLIT) [27].
However, the high spial resolution of the luminescence
images showing breakdown sites with diameters of some
ten micrometers is masked in the DLIT measurements by
the heat distribution around the individual sp&tigure5
shows three DLIT images and tbréEL images of a
multi-crystalline silicon solar celfor applied voltages
ranging from-10 to -16 V. Comparing the two sets of
images we find a very good correlation between thie r
verseEL and everseDLIT signal since the emission of
light is always acompanied by a temperature increase.
This confirms the results of previous investigatiabg].[

For those spots marked by white circles in Fg.
Fig. 6 a) shows the completeverse characteristic of the
luminescence emission and F@b) the characteriie of
the DLIT signal given in absolute values of reverse cu
rent densityln order to allow for a direct comparison of
sites with diffeent absolute signal amplitudes, Fégc)
shows luminescence as well as thermography data no
malized to the signal meared at-20V. The very good
correspondence of the luminescence emission signal and
the reverse auent density shown in Fig ¢) indicates
that the luminescence emission at one site depengls lin
arly on the local acuent flow at that siteAs summarized
in Table | and discussed below, we digtiish between
three different breakdown typeetectable by both niet
ods, revers&L and revers®LIT. Based on the anglis
of reverse biased EL alone, a similar categorization was
proposed prawously [28,29].

As can be seen from Fif. some sites (green 20 -15 -10 5 0
curves) show a linear to sup@rear breakdown chaca Applied voltage V,_, [V]
teristic with a well dtectable heat and light emission at
around-10V while others (blue curves) show breakdown Figure 6: Local reverse characteristics of a) lunsine
characteristics atting at everse voltages above?2 V cence emission and b) DLIT current density for regions
foll owi ng aexpdnential ¢chacteristic mvith indicated by white circles in Fig. Graph c) shows the
an exmpnential prefactor of 0.72+0.02. The thermal as data from a) and)bnormalized to the signal measured at
well as the light emission of the latter sites tendrio i -20V. The excellent agreemerdf the luminesence and
crease much more rapidly with increasing reversk- DLIT data indicates that the lumisezence emission is
age. Above-16V sites (red curves)ppear which show proportional to the local current détys
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