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By employing a combination of analytical tools including lock-in thermography and
synchrotron-based x-ray fluorescence microscopy, transition metals have been identified at shunting
locations in two types of low-cost multicrystalline silicofmc-Si) solar cell materials: cast
multicrystalline and ribbon growth on substr@RGS). At a shunting location in the cast mc-Si cell,
silver and titanium, both contact strip materials, have been identified at the shunting location,
suggesting a process-induced error related to contact metallization. At a shunting location in the
RGS cell, a material-specific shunting mechanism is described, involving channels of inverse
conductivity type, where copper and iron are found. The possible roles of these metals in this
shunting mechanism are discussed. These results illustrate the wide range of physical mechanisms
involved with shunting in solar cells. @004 American Institute of Physics.
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I. INTRODUCTION changes inL 4 alone could not account for the measured
A rising 93% of the solar cells sold annually worldwide I -V characteristics of the solar cell, and that junction effects

are fabricated from crystalline silicon materilRepresent- Must play a role. Itis known from numerous studies of semi-
ing over half of this quantity are cost-competitive multicrys- conductor devices that metals in high concentrations have
talline silicon (mc-Si) materials that typically make use of Substantial impacts on tHe-V characteristics and the effec-
faster and relatively dirtier production techniques. Industriattive barrier heights opn junctions®~® It was therefore hy-
solar cells fabricated from these mc-Si materials are typicallyothesized that transition metals may play a role in produc-
only 12%-16% efficient(with an efficiency as high as ing localized regions of lowepn junction barrier height,
19.8% reported for a 1 chrcell area), compared to efficien- either by forming point shunts or regions of increased recom-
cies around 15%-17% for industrial solar cells made of highpination activity. Both of these defects drain power from
quality single-crystalline Czochralski or float-zone wafersother regions of the solar cell with bettpn junction prop-
(with the efficiency of 24.7% reported for a 4 &well areaf.  erties, significantly reducing the current and voltage outputs
To explain this discrepancy, it must be noted that low-ynder operational conditions, and thus the fill fadfeF) of
cost me-Si materials contain much higher amounts of tranSihe solar cell device, which is directly related to the
tion metals, oxygen, carbon, and structural defects relative t8fficiency‘:’
integrated circuit grade silicoh! Transition metals, for ex-
ample, introduce energy levels into the silicon band gap thatdetect these defective regions in tha junction and to test

depending on their physical proximity to the solar gefl i oo irical propertie®~1?The concept of a “shunt” was

junction, can degrade solar cell device performance in a Vaéri inally conceived as a highly localized defect in the
riety of ways. Daviet al> have introduced various transition . ginatly gnly

metals into Czochralski silicon during growth, measured théuncu‘or?, ohmic in ”atufe' W'th the Qevelopment of more
effect of contamination level and type on solar cell devicesopmstlcated characterization techniques such as lock-in

performance, and found a significant reduction of minorityt"ermegraphy, it was found that many point shunts do not
carrier diffusion length I 4) within the bulk, which typi- e?(hlblt a Ilrllea.\r(ohmlc).l—v characteristic, but.ln fact ex-
cally limits the current output of the solar cell. For certain NiPit @ rectifying (nonlinear) response to applied forward

) ) ) i ) . 3 . .
metals in high concentrations, however, it was noticed thaPias voltage’” Further studies revealed a variety of mecha-
nisms leading to the formation of regions of locally increased

forward current density, including but not limited to regions
2Electronic mail: buonassisi@socrates.berkeley.edu y 9 9

POn leave of absence from the Institute of Physics, St.-Petersburg Stat‘é”th strong recombination activity, Ilnea'r and non“_near e_dge
University, Russia. shunts, cracks, holes, and scratcHed/hile respecting this

Various experimental techniques have been developed to
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diversity of the physical causes, the term shunt will in this
publication refer to any site of an increased local current
density under forward bias, which can be detected as a ho
spot in a lock-in thermography map.

The direct correlation of transition metals with a variety &
of shunting mechanisms has not yet been thoroughly inves-
tigated. This is because an experimental procedure combin
ing a high sensitivity to transition metals with micron-scale
spatial resolution and high-sensitivity shunt imaging had not

been developed. In this study, we apply a combination of v gonr o

state-of-the-art analytical techniques: lock-in thermography, i 500

laser beam induced curre(itBIC) with variable excitation

wavelengths, synchrotron-based x-ray beam induced curren 0

(XBIC), and x-ray fluorescence microscofy-XRF) to ex- 0 500 1000 0 500 1000

. . . . Coordinates in microns.
amine shunts in solar cells. We describe observations and

discuss the implications of transition metals present at shunfiG. 1. The process followed to determine the presence of metals at a
ing locations in two types of low-cost mc-Si solar cell mate_shunting location in a fully processed cast multicrystalline solar cell: A

fials: cast mc-Si(processed into a solar cell at FraunhoferIOCk'in thermography maye) of a 7X9 mn¥ region of the solar cell con-
) p taining two shunts is correlated with LBI®). At the synchrotron, an XBIC

- l .
ISE), and ribbon growth on substratRGS, ° processed int0  map(c) is made over the same region. X-ray fluorescence microsgoipy

a solar cell at University of Konstanz. and(e)] is performed on the small subregion containing one sfdemoted
by the box in(a), (b), and(c)]. Silver (d) and titanium(e) appear in quan-

tities comparable to their concentrations in the contact strijssble at the
IIl. EXPERIMENTAL TECHNIQUE AND SAMPLE bottom of theu-XRF map3. Residues of the contact metallization are likely

PREPARATION the cause of this shunt.

A powerful tool for locating shunts is lock-in thermog-

raphy. The lock-in thermography technique consists of SUbfor cast mc-Si and University of Konstanz for RG&Nd

jecting the solar cell to a sequence of either forward or reygIc22 techniques were employed. SR-LBIC and XBIC

verse biag voltage pulses, which in turn stimulates a Currer{Ezchniques can be easily compared since they both map, over
to flow with the same frequency as the bias pulses. Mor?he surface of the solar cell, the local current collection effi-

culrtr_entlwnl Itendl tho fltc?w thfrc:rt:gh trlle reglzllor:sthof shluntst,. re'ciency upon illumination. This, in the absence of alternative
suiing in a focal healing of the solar cell at (NESe 10CalloNS, o ne collection mechanisms, allows one to draw conclu-

With the use of an infrared focal plane array camera coupled.

1o the voltage source frequency. one can capiure an imaqe ons about the local minority carrier diffusion length. One-
g€ S¢ q Y, One P 9€ B one correspondence between illumination induced current
the local periodic temperature variations across the solar ce

. o : . ollection and shunt location is achieved by overlappin
surface with a sensitivity of 1K or better, making this an s y bping

deal destructive tool 1o locate local | . tR—LBIC and thermography maps of the entire solar cell,
deal nondestructive tool 1o foca 916 ocal Increases in Currenusing the edges of the wafer and contact strips as guides. The
density in electronic components® The lock-in thermog-

A accuracy of this superposition is limited by the resolution of
raphy measurements in this work were performed at Fraun 4 Perp Y

. i each technique and is typically 300um. In the case of
hofer ISE(for cast ’T‘C'S' and at. MP! Halle(for RGS, using . XBIC, the minority charge carriers are generated by the same
commercially available equipment by Thermosensori

17 -rays that fluoresce the sample. Thus, both XBIC and
GmbH: : -
While lock-in th hy | ful techni u-XRF can be performed simultaneously, providing a one-
e lock-in thermography 1S a very Usetul techniquey, ,,q correspondence between recombination activity and
for spatially locating shunts, it gives no direct information

elemental composition with micron-scale resolution. In this

{ahpout the chemical spemes prleser:jt Etirt] a shunrt] Iotcatml;]. I:ganner, shunts can be correlated with transition metal con-
IS _purpose, we have empioye € Synchrotron-baseg, i ations with a precision that is limited by the resolutions

u-XRF technique available at Beamline 10.3.1 of the Ad- ¢ o |ockin th h R—LBIC techni
vanced Light SourcéALS) of the Lawrence Berkeley Na- of the lock-in thermography and S C techniques.

tional Laboratory® The ALS, a third generation synchrotron, Il RESULTS: CAST MATERIAL
offers an extremely bright and stable source of x rays, en-
abling the use of specialized focusing optfcgo obtain a A shunt in a fully processed cast multicrystalline silicon
spot size on the order of 1—2m? with an optimal solar cell was analyzed using the approach described earlier.
~ 10 photons/s and a peak energy of 12.4 keV. The comFigure 1a) shows a &9 mn¥ region of interest, containing
bination of small spot size and large flux allows theXRF  two bright spots, of a lock-in thermography map. These
technique to detect a single iron precipitate with radiusbright spots represent points of increased heat generation,
~18 nm, or homogenous iron concentrations of*ifn™ 2. evidence for a locally increased dark forward current flowing
More on the sensitivity limits and applications of theXRF  through shunts. The shunt featured in Figa)lwas the
technique can be found elsewhé?é! second-strongest shunt in the solar cell at operating condi-
In order to correlateu-XRF with lock-in thermography tions, and unlike the strongest shuiain edge shupt this

maps with sufficient accuracy, spectrally resolved laser bearshunt analyzed herein cannot be removed by proper edge
induced curren{SR—-LBIC) (performed at Fraunhofer ISE isolation. This corresponding region in a SR-LBIC map is
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shown in Fig. 1b). The SR—LBIC and lock-in thermography TABLE I. Device parameters for three different:2@0 mnt hydrogen pas-

maps were Superimposed using the contact strips as guidéévateq RGS solar cells with high, medium, and low densities of current
. collecting channels.

and the position of the shunt located on the SR—-LBIC map

At Beamline 10.3.1 of the Advanced Light Source, an XBIC Open circuit ~ Short circuit

scan was performef@iFig. 1(c)]. Notice the similarity be-  Amount of current voltage current

tween the XBIC and the SR-LBICFig. 1(b)] maps. This collecting channels FF (Vo) (MV) (Jo) (mA/cn?)  Efficiency
good correlation ensures the coordinates of the shunt can be  High 56.6% 518.2 21.9 6.42%
determined for the purpose of acquiring a detailekRF Medium 66.9% 543.3 17.0 6.16%
map. Low 76.6% 548.5 17.2 7.23%

Upon au-XRF analysis at the shunt locatigghown as
a small black box in each of Figs(d, 1(b), and 1c)], high

concentrations of silvefFig. 1(d)] and titanium[Fig. X&)]  gated by Breitensteiat al2® via electron beam induced cur-

were detected. These metals are used to form the contaglnt Eg|c) measurements performed from the backside of a

fingers of the metallization grid. Despite being found at thegjq,y_cooled RGS solar cell along a beveled surface. Surpris-

shunt location a millimeter away from the nearest contac‘ngw, it was found that a significant EBIC signal was de-
finger, these metals were present in nearly the same propQcieq at points corresponding to etch pit defects, even when
tions as in the contact strips themselves, which are visible ifo ejectron-hole pair generation volume was tens or hun-
the lower part of Figs. (M) and 1e). Palladium is also ex-  greds of microns away from the emitter. It was also known
pected to accompany Ag and Ti, since Pd is also a constityzom gnalytical electron microscopfyand spatially resolved
ent of the contact metallization. However, the Pd-fluo- secondary ion mass spectroscopy stifdighat extended
rescence peak could not be resolved from the shoulder of thg,,ctural defects in slow-cooled RGS material can be
Ag-La. The weaker Pd—#,, LB,, and Ly peaks overlap  yensely covered with oxygen and carbon precipitates. In ad-
with the Ag-lay, LBi, and LB, peaks, respectively, iion, transmission electron microscopy studies by Werner
and are not distinguishable. If Pd is present, we conclude; \ip| Hallé* showed that extended structural defects from
it is certainly at least an order of magnitude less abundantegions of the wafer with abnormally high internal quantum
than silver, wh|ch_ again reflgcts the relqtlve Compos't'onefficiencies(that can only be explained by the presence of
of the contact fingers, typically a ratio of TiPd:Ag cyrrent collecting channelsare heavily and continuously
- 1:1:(300_1000)_' ) _ _ ) decorated with precipitates, whereas extended structural de-
These facts indicate that this shunt is most likely agects from regions of the wafer with standard diffusion

process-induced defect that was formed during metallizatiofyngihs are not. With this secondary information, and by ob-
grid deposition. If silver or palladium is deposited directly on serving the coincidence of defect etch pits with increased

the surface of the wafer without a properly placed titaniumgg,c signal in the bulk far from the emitter, it was con-
buffer layer, then silver and palladium, both relatively fast . ded from the study of Breitenstegt al2® that the physi-
diffusers in silicon, are likely to diffuse into the space-charge.| nature of current collecting channels is oxide and carbide
region during the subsequent heat treatment designed 10 Sifgated extended structural defects, which form a three-

ter the contact metals. Such a process-induced defect, whilgensional network of inversion channels extending from

not material specific, can be especially deleterious for solaf,o emitter into the bulk. Further details can be found
cells with shallow emitters, as was the case with the samplg|ge\here®

analyzed in this study. It must also be pointed out that simi-
lar, albeit more severe, shunting effects have been report
after contact overfiring by Balliet al?
by Hahnet al?®

The theoretical benefits of current collecting channels
i &fte obvious: an extension of the effectipa junction of the
and overannealing  go|ar cell along channels leading into the bulk should equate
into an increased current output of the device, especially for
materials with relatively short minority carrier diffusion
length. However, as more investigatiéhsvere made into
the effectiveness of current collecting channels for improv-
RGS silicon wafer technology is still in the R&D phase ing device performance, it was found that RGS solar cells
at the moment with a full-speed, continuously operatingwith an abundance of these channels tend to have lower open
bench-scale machine under development. Two distinguishingircuit voltages and fill factors than their counterparts with
features of RGS material are very high oxygen and carbofewer channels, as shown in Table I. Hence, it is clear that
concentrationgabout 2<10* cm™3 and 1x10® cm™3, re-  current collecting channels in their present form are globally
spectively and the so-called “current collecting channels,” detrimental to cell performance.
which can form during a slow cool at the end of the wafer = The lower FF and/, for cells with higher amounts of
fabrication proces$ The existence of channels which col- current collecting channels suggest that the-junction
lect current from the bulk was first proposed by @  properties of the space charge region surrounding the current
et al?® to explain the extraordinarily large short circuit cur- collecting channels are very different from those of the space
rent (Ji9) Vvalues of slow-cooled RGS solar cells charge region of the emitter. Specifically, the barrier heights
(>30 mA/cnt) despite short minority carrier diffusion of the pn junctions surrounding at least some of the current
lengths below 20um for as-grown and below 4@m for  collecting channels must be lower than the effective emitter
hydrogen passivated wafers. This phenomenon was investpn-junction barrier height at forward biases, producing

IV. RESULTS: RIBBON GROWTH ON SUBSTRATE
MATERIAL
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lower V. and FF values that offset the benefits of increased
current collection. In the following subsections we describe

the experimental procedures which allowed us to identify

current collecting channels in an RGS sample, correlate them
with hot spots in a lock-in thermography map, and demon-

strate the presence of metal clusters at these channels.

A. XBIC/long- N LBIC detection of current
collecting channels

In this experiment, the 2020 mnf RGS solar cell with
medium density of current collecting channels was studied
(device parameters appear in Table $hort (\ =635 nm),

Buonassisi et al.
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medium (910 nm), and long (980 nm wavelength LBIC
were performed, as shown in Figgap 2(b), and Zc), re-
spectively. 635 nm light penetrates only 8n below the
sample surface, while 910 nm light penetrates approximately
37 um, and 980 nm light penetrates much deeper, to about
104 um. Although bulk minority carrier diffusion length val-
ues are typically below 4@m for processed RGS material
after hydrogen passivation, regions of unexpectedly high cur-
rent collection efficiencies are nonetheless observed in long-
wavelength LBIC,[Fig. 2(b) and especially Figs.(2) and
3(b)] and XBIC performed at 12.4 kehFig. 3(c)]. This phe-
nomenon can be explained by the presence of current col-
lecting channels at these regions: the minority carriers gen-
erated deep within the bulk by the long wavelength light
need only diffuse the short distance to the current collecting
channel, not all the way to the surfap@ junction. On the
other hand, LBIC performed with short wavelength light
[Fig. 2(a)] does not demonstrate an enhanced current collec-
tion in these same regions because of the shallow penetration
depth of the light; in this case, most photogenerated minority
carriers are well within one diffusion lengthg, from the
surface of the wafer and can readily be collected by the emit-
ter pn junction. In fact, with short wavelength excitation,
regions of current collecting channels actually demonstrate
slightly less collected current than regions with only the sur-
face emitterpn junction.

I ]
: 10mm '

B. Lock-in thermography and current

collecting channels FIG. 2. Comparison of shof{a) A =635 nm, penetration deptk 3 um],

Lock-in thermography, which measures the solar cell inmedium [(b) A =910 nm, dpe;~37um] and long[(c) X =980 nm, dpe,
nonilluminated forward(or re\{er3¢i bias conditions, fOl‘CfES geﬁ?ingleV\;iv:;frr;%t:nLdlgelg():thmoafr)tieOfe:(r::ia?;T?i;zlgoer;cn:e(?setieS?J\?r:ority
electrons to flow from the emitter into the bulk preferentially carrier diffusion length I(q<40 xm), current collecting channels become
through regions of reducgah-junction barrier height, which  the dominant minority carrier collection mechanism, appearing as bright
creates the hot spots observed by the infrared camera. Witggions in(b) and(c). These same regions appear darke_r when prqbgd with
the wafer surface parallel to the camera lens, any heat prtssbortgr Wavellengt_h@),‘ when most photogenerated carriers are W|t‘h|n one

. . . minority carrier diffusion length from the surfademitten pn junction.
duced along a current collecting channel protruding into theynits are in external quantum efficiency.
bulk—along the third dimension—will be projected onto a
spot on the two-dimensional thermography nitgking lat-
eral heat diffusion into consideratipnThus, any homoge- f,c.in=54 Hz ensures minimum heat diffusion between im-
neously distributed effect along the length of a current col-aging, and thus a sharp image of the heat source which
lecting channel will create the effect of a local “hot spot” in matches well in shape and size with the features of the cur-
a lock-in thermography image. rent collecting channels revealed by LBIC and XBIC. This

Figure 3 presents a comparison between lock-in therresult indicates that the increased current flow observed in
mography (a), long (980 nm wavelength LBIC(b), and  lock-in thermography originates below the surface of the wa-
XBIC (c), revealing that regions of increased lock-in ther-fer, at regions with high densities of current collecting chan-
mography signal correspond to regions of increased curremtels, and not from a coincidental defect in the emiper
collection. High frequency lock-in thermography taken atjunction near the surface of the wafer.
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u-XRF Line Scan Across Current Collecting Channel
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FIG. 3. Detail of a shunt area in an RGS sample. The features evident in theg 22 1 :
54 Hz lock-in thermography image taken at 0.52 V forward Hisre- 204 ' !
semble those of the 980 nm LBI®) and XBIC (c) maps of this area taken ! :
at zero bias, indicating that the shunting current is generated at or near the 187 ! !
current collecting channels. The oval marker evidentanwas placed on 16 —t y —t . .
the surface of the solar cell to mark the region of interest. 0 10 20 30 40 50

microns

. . . FIG. 4. An x-ray fluorescence microscopy line scan reveals an increase of
The electrical properties of the space charge region SuUlzopper and iron at a current collecting chantistween vertical dashed
rounding a current collecting channel are decidedly differentines, identified by XBIG. A lower bound for the peak Fe concentration is
; ; i ; ; 1.7x10" cm™2 and Cu 1.5 10" cm™2. This result suggests that current
than those of the emittgrn junction. The ideality factor of - - s >S _
the dark forward current produced at the current collectin collecting channels are effective gettering sites for transition metals, which
p ) - gnay play a role in shunt formation.
channels, measured by performing lock-in thermography at
different bias voltagegmore information on extraction of
local | -V characteristics can be found elsewhgravas de-
termined to ben=5. This ideality factor is very large com-
pared to those of diffused emittem junctions, which typi-
cally vary betweem=1-2 and can be well-explained by

theory?® =3 This large ideality factor, which is prominent in

copper precipitation is enhanced atype silicon by Fermi
level effects®® which would increase the likelihood of copper
precipitation in the layer of inverse conductivity type sur-
rounding the channel. Further evidence for the existence of

L= I o Fe and Cu in precipitate form is the fact that the metal con-
the | -V characteristics for solar cells with high densities of .
. . : centrations measured hy-XRF are well above the upper
current collecting channels, also explains the lower fill fac-

N ) ” imit of their dissolved concentrations at room temperature.
tors observed for cells with increasing densities of curren ) .
: ) At present, the precise role of metal clusters in the for-
collecting channels, as shown in Table I.

mation and electrical properties of current collecting chan-
nels cannot be determined from experimental evidence with
absolute certainty; however, a few possibilities should be
pointed out. The first possibility is related to an enhanced
The u-XRF tool at Beamline 10.3.1 of the ALS was recombination current in the space charge region surround-
employed to determine the presence of transition metals ahg the current collecting channels. Theoretical and experi-
the current collecting channels. First, the location of a curmental results have shown that fon junctions with donor-
rent collecting channel was identified by XBIC. Subse-like recombination centers, ideality factors greater than 2 can
quently, au-XRF line scan with long acquisition time per be observed with the saturation of the recombination current
point was performed across the current collecting channebr limited bias range3® However, this interpretation is in
location. As shown in Fig. 4, copper and iron were found tocontradiction with the excellent collection efficiency of the
be present at the current collecting chani®unded be- current collecting channels; if a multitude of recombination
tween the dashed lingsLower bounds for the peak metal centers were present, it is likely that a noticeable fraction of
concentrations were determined, accurate within a factor of the carriers would recombine before reaching the channels,
by comparison with calibration standards, to be 1.7hereby degrading the current collection efficiency of these
X 10" cm™? for Fe and 1.5 10 cm™2 for Cu, by assum- channels. Recombination centers in the space charge region
ing the metals lie very near to the wafer surface. If the desurrounding the current collecting channel would not signifi-
tected impurities lie below the surface, their real concentracantly affect the transport of carriers along the channel, just
tions would be higher than those measured, since an XR&s recombination in the emitter space charge region does not
signal decays exponentially with distance inside a silicorsignificantly affect the transport of electrons in the emitter.
matrix with an attenuation length of 36m for Fe and 70 The more likely possibility is the inversion channel
pm for Cu. model proposed by Breitensteat al?® This model assumes
The width of the iron peak is close to the diameter of thepositive fixed charges at the cores of the current collecting
incident x-ray beam, which indicates that iron formed pre-channels. Transition metal precipitates could play a role in
cipitates localized within a diameter equal to or smaller tharthis model, since it is well-known that such precipitates at
the beam size. The copper peak is much broader that theructural defects may be charged, thus attracting minority
iron, indicating that copper more likely forms a colony of carriers®* However, these fixed charges at the cores of cur-
small precipitates that appear to decorate an extended defeognt collecting channels would not be recombination-active
which is a well-known property of copper in silicoigee because they would either be buried beneath insulating oxide
Istratovet al,> and references thergint is also known that  precipitates or lying in a wide gap material such as SiC. At

C. X-ray fluorescence microscopy and transition
metal distributions
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zero bias voltage, these fixed charges attract minority carrienystalline sample, as is A. Neugebauer for his rigorous re-
to the current collecting channels, where the minority carri-view of the manuscript. This research was made possible by
ers cannot recombine and thus can diffuse over macroscopMREL Subcontract No. AAT-2-31605-03, AG-Solar project
distances. Under forward bias, according to the inversiorof the government of Northrhein-Westfali&RW), funded
channel model, the barrier height of tlpm junction sur- through the Fraunhofer Institute for Solar Energy Systems
rounding these channels is reduced due to the bias-dependdf@ermany, and the German KOSI Project. The Advanced
charge balance at the channel / bulk Si interface. This extight Source is supported by the Director, Office of Science,
plains why these channels operate predominantly as curre@ffice of Basic Energy Sciences, Materials Sciences Divi-
collectors at zero bias voltage, and can induce shunting aion, of the U.S. Department of Energy under Contract No.
higher forward biases. Further investigations need to b®E-AC03-76SF00098 at Lawrence Berkeley National Labo-
made to determine the precise role of metals in the formatiomatory.

and electrical properties of these channels, which was be-

yond the scope of this study.
1T. F. Ciszek(private communication

2M. A. Green, K. Emery, D. L. King, S. lgari, and W. Warta, Prog. Photo-
V. CONCLUSIONS voltaics 11, 39 (2003.

; ; SD. Macdonald, A. Cuevas, A. Kinomura, and Y. Nakafwoceedings of
A_n_ experimental progedure IS der_nonstrated to_ detect the 29th IEEE PVS(New Orleans, LA, 2002, p. 285.
f[ransmon_ metals at shuntlng locations in solar cells, involv- 4A. A. Istratov, T. Buonassisi, R. J. McDonald, A. R. Smith, R. Schindler,
ing lock-in thermography, SR—-LBIC, XBIC, ang-XRF. J. A. Rand, J.P. Kalejs, and E. R. Weber, J. Appl. Pl 6552 (2003.
Transition metals were found to be present in h|gher thanSJ. R. Da\_/is, A. Rohatgi, R. H. Hopkins, P. D. Blais, P. Rai-Chqudjury, J.R.
average concentrations at both shunts analyzed in this study.('\qgggrm'c"' and H. C. Mollenkopf, IEEE Trans. Electron Deviegs677
For the cast mc-Si sample, silver af]d titanium were_mea«aC. H. Chan and C. T. Sah, IEEE Trans. Electron Dev§s937 (1979.
sured at the shunt location y-XRF in the same relative  7J. Lindmayer, COMSAT Tech. Reg, 105(1972.
concentrations as in the contact fingers, suggesting a procesgg- I gah, R',\'/\I"tNoy;e.' f;‘:”d Vrgszﬁgg‘gegv;{f;é%% 1228(1957.
. . . . . L. Sopori, Mater. SCI. Foru .
Induced error_ _occurred durln_g metallization. Fo_r RGS, alO_J. Carstensen, G. Popkirov, J. Bahr, and HI,Fol. Energy Mater. Sol.
material-specific loss mechanism has been described associce|is 76, 599 (2003.
ated with channels of inverse conductivity type extending'cC. Baliif, S. Peters, T. Zerres, J. Isenberg, D. Borchert, and G. Willeke,
from the emitter into the bulk. These channels exhibit pre- Prqceedlngs of the 12th Workshop on Crystalline Silicon Solar Cell Ma-
dominantly carrier collection properties at zero bias voltage <2 and Processeedited by B. L. SoporiNREL, Golden, CO, 2002
) . p. 136.
(as evidenced in LBIC and XBIC measuremgnésd thus a 120, greitenstein, M. Langenkamp, O. Lang, and A. Schirrmacher, Sol.
comparison of at least two LBIC maps with excitation radia- Energy Mater. Sol. Cell§5, 55 (2001. _
tion penetration depths smaller and larger than the minority ©- Breitenstein and M. Langenkamproceedings of the 2nd WCPEC
ier diffusion length allows one to determine the locations. Vienna, Austria, 1998, p. 1382.
carrier - 9 g : 0. Breitenstein, J. P. Rakotoniaina, S. Neve, M. H. Al Rifai, and M.
of current collecting channels. At higher forward bias volt- werner,Proceedings of the 3rd WCPE@saka, Japan, 2003.
ages, shunting has been revealed by lock-in thermography ?ZH Lange and I. A. Schwirtlich, J. Cryst. Growtt04, 108 (1990.
the channel locations. These results can be explained mosﬁ. Breitenstein, M. _Langenkamp, F. Altmann, D. Katzer, A. Lindner, and
. . . Eggers, Rev. Sci. Instrun7l, 4155(2000.
effectively by the presence of fixed charges at the cores ofr,,,w thermosensorik.com.
the channeléto which metals, revealed hy-XRF, may con- 185 A. McHugoet al, J. Appl. Phys89, 4282(2001).
tribute), which cause local band bending in the vicinity of the *°J. H. Underwood, A. C. Thompson, Y. Wu, R. D. Giaugue, K. W. Jones,
channel to occur, thus attracting minority charges to thezoand M. L. Rivers, Nucl. Instrum. Methods Phys. Res2@6, 318(1988.
. . S. A. McHugoet al, J. Cryst. Growth210, 395 (2000.
Channels_- Recqmblnatlpn pathways are leCked by the Preésts A McHugo, A. C. Thompson, |. Piehaud, and S. Martinuzzi, Appl.
ence of insulating or wide band gap materials, allowing for Phys. Lett.72, 3482(1998.
the transport of carriers over large distances. At forward bia&0- F. F\Q/Y‘éer;'foalT- BU%”ESSF'QS"\/C- lf‘- 'SJt“"XOV’I Hbggigﬁbﬁbg Thomp-
. H . son, R. Schinaler, an . R.Weber, J. Appl. . .

voltages, the |nve_r3|on channels r_epresent a_ pot_entlal groomeG' Hahn, C. Zechner, M. Spiegel, W. Jooss, P. Fath, G. Willeke, and E.
for electrons coming from the emitter, resulting in a locally gycher,Proceedings of the 2nd WEPEWienna, 1998, p. 1840.
reduced barrier height and in the presence of a shunting cuf*G. Hahn, D. Sontag, and C."Rer, Sol. Energy Mater. Sol. Celk?, 453
rent. Now that it is established that transition metal precipi-z‘ggjzolﬁ-gl HAU. Has. S. Th 0. Breitensei dML "

. . . er, n.-U. S, OS. urm, O. preitenstein, an . Langenkamp,
Fates ?‘re I_ndeed preseljt at current CO_”eCt'ng channels, fu_tureProceedings of the 16th EC-PVSEGIlasgow, United Kingdom, 2000, p.
investigations are required to determine the extent to which 1352,

these impurities affect the formation and electrical propertie$°O. Breitenstein, M. Langenkamp, and J. P. Rakotoniaina, Diffus. Defect

of these channels. Data, Pt. B78-79, 29 (2001).
2TH. Gottschalk, Phys. Status Solidi 22, 353(2000.

28C. T. Sah, R. N. Noyce, and W. Shockley, Proc. Inst. Radio EAg$503
ACKNOWLEDGMENTS (1961,

. . 293, C. Choo, Solid-State Electrohl, 1069 (1968.
The authors would like to thank C. Ballif, S. Peters, S.x0g ¢ choo, Solid-State Electrond, 1201(1971.

Glunz, and Do. Huljic of Fraunhofer ISE as well as D. Free-3'a. A. Istratov and E. R. Weber, J. Electrochem. Sb¢9, G21(2002.

man of UC Berkeley for insightful discussions. A. Thompson *C. Flink, H. Fedicky S.A. '\chugrc]), W. SeifegiﬁH- gci)%S(Inggg T. Heiser, A.
; : A. Istratov, and E. R. Weber, Phys. Rev. L 4 .

and M'_ Margus of the Advanced nght So“'f.ce gre recanlzeqSJ. Beier, and B. Vol®roceedings of the 23rd IEEE-PVSIuisville, KY,

for their assistance at the synchrotron. E. $eh& thanked 1993, p. 321.

for performing SR—LBIC measurements on the cast multic®*v. Kveder, M. Kittler, and W Schier, Phys. Rev. B3, 115208(2001.





