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ABSTRACT

Shunts in RGS and BaySix materials have been analyzed
using a powerful combination of techniques including
lock-in thermography, xray beam induced current, and x
ray fluorescence microscopy. Transition metals have been
identified at shunt locations in both materials. Titanium
and silver were found at a shunt in BaySix material, sug-
gesting a process-induced defect related to faulty metalli-
zation grid deposition. Iron and copper were found at in-
version channels in RGS material, suggesting these ex-
tended defects are effective gettering sites for transition
metals, which enhance the generation-recombination cur-
rent in this extended space-charge region. The role of tran-
sition metals in certain shunting mechanisms in multicry s-
taline silicon (mc-Si) solar cells is assessed in light of
these experimental data.

1. INTRODUCTION

Faster and cheaper silicon growth techniques em-
ployed by solar cell manufacturers control an increasing
54.3% of the total PV market [1]. While fast and cheap
production makes economic sense, it has many disadvan-
tages from a neterials science perspective. Fast-growth
sheet, ribbon, and multicrystalline ingot silicon contain
typical metal impurity concentrations of 10*-10% per cm?®,
severa orders of magnitude higher than IC-grade S [2],
higher oxygen, nitrogen, and carbon concentrations, and a
much higher density of structural defects.

Metal atoms that would otherwise be segregated from
the crystal into the melt during a slow growth procedure
become "frozen" into the fast-grown material and can
form recombination-active clusters on the order of a few
tens of nanometers in size, severely limiting solar cell
performance [3]. In addition, rapid solar cell fabrication
techniques can further jeopardize solar cell efficiencies.
Asaresult, industrial mec-Si solar cell conversion efficien-
cies are typically ~12-16% (laboratory record 19.8% for a
1cm? cell area), compared to ~15-17% efficiencies for
industrial solar cells made of high quality single-
crystalline Czochralski or float-zone wafers (laboratory
record 24.7% for a4 cm? FZ cell area) [4]. Understanding
the nature of the defectsthat limit solar cell efficiencies is
the first step for improving materials and processes.

Onetype of device defect that is particularly detrimen-
tal to solar cell efficiencies are shunts. Shunts may be
caused by avariety of mechanisms (see Breitenstein et a.,
this conference [5]), but they al consist of localized re-
gions of reduced pn junction barrier height that reduce the

open circuit voltage (Vo) and fill factor (FF) of the solar
cdl by draining power from nearby regions. It has long
been hypothesized that transition metals could be involved
with certain shunting mechanisms, but few conclusive
studies have been performed. Herein, we apply aunique
combination of analytical techniques including lock-in
thermography, xray beam induced current, and x-ray
fluorescence microscopy to anadyze two types of shuntsin
two different mc-Si solar cell materials: BaySix cast, and
Ribbon Growth on Substrate (RGS). M etals have been
located at shunts in both materials. We discuss the possi-
ble roles of the observed transition metals in each case

2. EXPERIMENTAL APPROACH

The experimental approach employed to correlate
transition metals with shunts is as follows: Fully-
processed solar cells were measured with lock-in thermo-
graphy to pinpoint precise shunt locations. The lock-in
thermography technique applies a series of forward or
reverse bias pulsesto asolar cell in the dark, causing more
current to flow through regions of reduced barrier height.
Thisproduces a periodic heatingof shunting regions of the
wafer, which can be viewed with an infrared focal plane
array camera with a sensitivity of 100 pK or better if a
lock-in system operating & the voltage source frequency is
used [6]. This makes it an ideal tool for locating shunts
and leskage currents in solar cells and other solid state
devices. The lock-in thermography measurements in this
work were performed at Fraunhofer ISE (for cast mc-Si)
and at MPI Halle (for RGS).

The fully-processed solar cells were then measured
with Spectrally-Resolved Laser Beam Induced Current
(SR-LBIC) to obtain a map of the variations in diffusion
length. The SR-LBIC measurements in this work were
performed at Fraunhofer ISE (for cast mc-Si) and at the
University of Konstanz (for RGS). Because the Lock-In
Thermography and the SR-LBIC measurements are taken
over the entire solar cell, the two maps can be superim-
posed to obtain a correlation between shunting activity and
diffusion length. The accuracy of such superposition de-
pends on the precision of the alignment and the resolution
of each measurement, and is typically ~300 um for nme-
dium-resolution scans.

R-LBIC scans can be easily correlated with the X-ray
Beam Induced Current (XBIC [7]) scans performed in-situ
at the xray fluorescence microprobe beamline of the Ad-
vanced Light Source (ALS), a 3rd-generation synchrotron
at the Lawrence Berkeley National Laboratory. The prin-
ciple of XBIC is similar to that of LBIC; the only differ-



ence is that the excitation radiation is not a laser, but a
focused beam of x-rays produced by a synchrotron. These
same xrays, which are focused to a spot size adjustable
between 1-25 pm? by a pair of 12.4 keV multilayer mir-
rors in Kirkpatrick-Baez formation, fluoresce impurities
present in the solar cell. This fluorescence isdetected by a
silicon lithium-drifted detector. The depth of measurement
of thistechnique is dependent upon the escape depth of the
x-ray fluorescence of interest. For iron and copper, the
attenuation length (distance after which | fallsto /e of I,)
is 36 and 70 um, respectively. Previous measurements on
the sengitivity of this technique found the detection limit
with the 12.4 keV mirrors to be 1x10'* cm? for Fe at the
surface of a sample after 45 sec. accumulation time
Although respectable, the strength of this technique lies in
precipitate detection due to its small spot size. For a1 pm?
spot size, this detection limit equates into a single iron
precipitate of radius 20 nm. Details can be found in Ref.
[3] & [8]. Since both x-ray fluorescence microscopy (-
XRF) and XBIC signals can be aquired simultaneously,
one achieves a one-to-one correl aion between transition
metal impurity content and recombination activity with
micron-scale resolution. Thus, the transition metal content
at shunts can be mapped with a spatial resolution that is
limited by the superposition of the lock-in thermography
and SR-LBIC techniques.

3. EXPERIMENTAL RESULTS

3.1 Cast mc-Si

A shunt in a fullyprocessed, 45x45 mm? cast mul-
ticrystalline silicon solar cell was analyzed using the se-
quence of techniques described above. At the shunt loca
tion, tXRF detected silver and titanium, both key con-
stituents of the contact metallization. Furthermore, the
ratio of their concentrations matched approximately their
relative concentrations in the contact fingers, that is ~300-
1000 Ag : 1 Ti. Paladium, if present, could not be d=-
tected due to the overlapping silver peaks.

This evidence, combined with the processing history
of the solar cell, point to a process-induced defect occur-
ring during the metallization. The front side metallization
grid (titanium, palladium, silver) of this solar cell was
evaporated and galvanically strengthened, and the emitter
is shallow. With any processing error (e.g. hole in mask,
mistake during mask liftoff) that deposits silver and palla-
dium metas, both relatively fast diffusers in silicon, di-
rectly on the surface of the wafer, the ensuing heat treat-
ment at 350°C for 30 min may be sufficient for these met-
asto diffuse through the thin emitter layer to the pn junc-
tion and cause the shunting behavior. Both silver and pa-
ladium have relatively large work functions, which ac-
cording to simple Schottky theory creates a strong rectify-
ing junction when contacting p-type silicon. The rectifying
nature of this shunt as measured by lock-in thermography
is consistent with this hypothesis.

3.2 Ribbon Growth on Substrate (RGS)

RGS silicon wafer technology is stll in the R&D
phase at the moment with a full-speed, continuously oper-
ating bench-scale machine under development. Under
certain processing conditions, RGS material can exhibit
the presence of so-called "current collecting channels’, or
channels of inverse conductivity type that extend from the
emitter into the bulk of the solar cell. These current col-

lecting channels form under specific cooling conditions,
when the high oxygen and carbon content of the wafers
precipitates at structural defects such as grain boundaries
or disocations, creating a uniform coating and conductive
path for minority carriers generated into the bulk to reach
the emitter. These current collecting channels provide an
obvious increase to the collected current of the solar cell,
since they collect minority carriers generated deep within
the bulk that otherwise would not have diffused to the
emitter (minority carrier diffusion length is typically ~20-
40 um for fully processed material). The downside is that
these channels tend to create a large leakage current,
which consequently reduces V,. and FF. With the help of
lock-in thermography and p-XRF analyses, we may be
closer to understanding why this occurs.

3.2.1 Confirmation of Current Collecting Channels

Upon analysis of a20x20 mm? RGScell with medium
density of current collecting channels, both XBIC ad
longwavelength LBIC (both techniques with incident
rediation penetration depth > 100 pum) detected localized
regions of greatly enhanced current collection. To confirm
that these features were indeed current collecting channels
extending into the bulk of the sample, a tomographic-like
rotation experiment was performed. At the ALS p-
XRF/XBIC beamline where these experiments were per-
formed, a standard XBIC measurement holds the sample
at a &£° angle relative to the incident xray beam. The
apparent location of a feature within the bulk will move
relative to a surface feature when the sample is rotated by
180°. This behavior is doserved when a region of high
current collection (a current collecting channel) is mess-
ured with XBIC, relative to a contact finger on the surface
of the wafer measured by p-XRF. This confirms that the
observed regions of increased current collection are indeed
current collection channels orignating from deep within
the bulk (at least 50 pm).

3.2.2 Correlation with Shunting Activity

Regions of enhanced current collection corresponded
well with large localized shunts detected by lock-in-
thermography. This provides a clear correlation between
shunting activity and the presence of increased densities of
current collecting channels. Further evidence was pro-
vided by wo additional wafers analyzed with lock-in-
thermography: a wafer with very low concentration of
current collecting channels, and a wafer with a uniformly
high concentration of current collecting channels. Most
noticeably, the wafer with the lowest density of current
collecting channels exhibited the smallest lock-in thermo-
graphy signal, whereas the wafer with high density of
current collecting channels exhibited the highest thermo-
graphy signal, in agreement with previous results by Hahn
etal [9].

A unique application of lock-in thermography is the
ability to map the exponential factor (n-factor) of the dark
IV curve over the surface of the solar cell [10]. Such an n-
factor mapping was performed on the RGS cell with me-
dium density of current collecting channels, shown in Fig
1. One can see that the n-factors ~3-4 at the shunt areas
agree with amodel suggested by Breitenstein & al. [11] to
describe shunting current originating from current collect-
ing channels. An additional interesting feature is the large
and well-resolved thermogr aphy signal originating from
the phase indicating the presence of a heat source located
below the surface of the wafer.
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Fig. 1: 20x20 mm? RGS solar cell with medium densjty%f
current collecting channels (ccc's). (@) Long| LBIC, re-
vedling ccc locations (bright spots = high collected cur-
rent). (b) Phase image of 0.5 V forward bias, 24 Hz lock-
in-thermography. Notice good correlation with LBIC. (c)
36 Hz Lock-in Thermography (from 0-3 mK) at 550 mV
forward bias. Shunt locations correlate with ccc's. (d) n-
factor mapping over the solar cell (0-5).

3.2.3 Presence of Transition Metals

After locating a current collecting channel with XBIC,
a U-XREF line scan with long accumulation time per point
was performed across the channel. Both iron and copper
were found in the vicinity of the current collecting channel
(Fig. 2). Lower bounds for the peak metal concentrations
were obtained with NIST standards by assuming the met-
als lie near to the wafer surface: Fe~1.7x10"cm?, and Cu
~1.5x10%cm 2. The iron signal was amassed in a single
peak approximately the size of the beam, suggesting a
single precipitate at the center of the current collecting
channel (in this case, the current collecting channel was at
a grain boundary). Copper, on the other hand, exhibited a
much broader peak, suggesting a colony of microprecipi-
tates in the vicinity of the current collecting channel.
These results suggest that metals, known to be present in
relatively large concentrations in the melt, have been get-
tered to the structural defects that form the current collect-
ing channels. As such, one must critically examine what
role, if any, the metals play in these shunts.

u-XRF Line Scan Across Current Collecting Channel
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Fig. 22 A p-XRF line scan across a current collecting
channel (bounded between the dashed lines) reveals the

presence of iron and copper.

3.24 The RGS Shunting M echanism

The shunting observed in this prototype RGS material
ismost likely a combination of effects. Firstly, thereis the
possibility that certain networks of current collecting
channels form an el ectrical contact between the emitter
and the back surface, effectively shorting the solar cell. If
this were the case, one would expect an ohmic behavior of
the shunt, i.e., shunting behavior both in forward and re-
verse bias when measured by thermography. At 0.52 V
forward bias 42.5 mA of current are passed, while in 0.52
V reverse bias only 5.2 mA are passed (edge shunts are
negligible). Thisisindicative that ohmic shunts are not the
primary effect.

The second plausible contribution to the shunting cur-
rent entails space-charge effects in the extended space
charge region surrounding the current collecting channels
protruding from the emitter into the bulk. In a traditional
pn junction, there are not many nuclestion sites for metals
to precipitate in the gace-charge region. For the current
collecting channel, the situation is different. Because the
current collecting channel coincides with a structural e
fect, the possibility is high that metals may form single
(i.e. Fe) or clusters (i.e. Cu) of recombination-active pre-
cipitates in the vicinity of the extended space charge re-
gion. How this affects the device properties of the solar
cell is till under debate. One possibility is that metals
present in high enough concentrations (i.e. clusters of
precipitates) in the pn junction area adjacent to the current
collecting channel might trap charges near the intaface,
pin the Fermi level near midgap, and contribute to lower-
ing the potential barrier height. This may provide a com-
plementary physical explanation to model proposed by
Breitenstein et al. [11].

Another possibility that must be considered involves
recombination-generation current. With the emitter in
electrical contact to the current collecting channels, re-
combination centers along a current collecting tannel
may provide the easiest path for an electron to recombine
with a hole in the bulk. In a steady-state system, the bar-
rier height would be reduced. It has been noted, e.g., that
an increase in the recombination-generation current can
lead toideality factors greater than 2 [12].

Both explanations above would lead to a rectifying
shunt, because the pn junction, although atered, would not
be bypassed. The key to reaping the Jo. benefit of current
collecting channels without losing on V,, and FF would be
to mitigate the electrical activity of these centers.

3.2.5 Hydrogen Passivation

A viable means to improve RGS solar cell parameters
is hydrogen passivation. The fully processed RGS solar
cell was subjected to a 210-minute microwaveinduced
remote hydrogen plasma passivation at 350°C [13]. The
solar cell was measured with lock-in thermography before
and after hydrogen passivation to monitor changes in
shunting activity. Since a perfect overlap of the two lock-
in thermography measurements could not be ensured, each
lock-in thermography measurement was divided into units
of 10x10 pixels to average out the error due to misalign-
ment (each lock-in thermography measurement contains a
total of 288x288 pixels over the 20x20 mm? solar cell).
This analysis was repeated for the samples with highest
and lowest concentrations of current collecting channels.
By comparing the average value within each 10x10 unit
before and after hydrogen passivation, we see that, with
few eceptions, every unit in each solar cell improved



more or less the same amount, as evidenced by the straight
line in Fig. 3. (The only major exceptions were units
within edge shunts observed in the lower-right corner of
the solar cell, al of which demonstrated a higher-than-
average improvement.) The fact that the current-
collecting- channel-related shunts did not improve signifi-
cantly more than the average background demonstrates
that the hydrogen passivation, while effective in improv-
ing the overal pn junction quality, was not effective in
removing these particular shunts. This could mean that the
duration of the passivation anneal was not sufficient for
hydrogen to diffuse deep into the bulk and passivate the
metals gettered to the current collecting channels, given
the slow diffusivity of lydrogen n RGS materid. This
hypothesis could be confirmed in future studies by, e.g.,
cross-sectional EBIC [14]. Alternative explanations n-
clude the possihility that hydrogen is ineffective in pas-
sivating these particular compounds formed by the pre-
cipitated transition metals at the current collecting chan-
nels. Additional investigations are required.
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Fig. 3: A comparison of the thermography signal before
and after H-passivation from different regions of 3 RGS
solar cells containing High, Medium and Low densities of
current collecting channels, respectively. All cells exhibit
relatively homogeneous improvement after H-passivation.

4. CONCLUSIONS

Transition metals have been identified at shunting
locations in two types of solar cell materials. High concen-
trations of silver and titanium were found at thefirst shunt,
in acast mec-Si solar cell, most probably a process-induced
defect related to the contact metallization. Iron and copper
precipitates were found at current collecting channels in
RGS material, suggesting that these metals may be pro-
moting shunting behavior by virtue of their location in the
extended space-charge region. A hydrogen passivation
annedl did not noticeably affect these shunts.
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