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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not hecessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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DIRECT CORRELATION OF TRANSITION METAL IMPURITIES AND MINORITY
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Impurity and minority carrier lifetime distfibutions_ were studied in as-grown
multicrystal]ine silicon used for terrestrial-based solar cells. Synchrotron-based x-ray
fluorescence and the Light Beam Induced Current technique were used to measure
impﬁrity and lifetime distributions, respectively. The purpose of this work was to
determiﬁe the spatial relation between transition metal impufi_ties and minority carrier
recombination in multicrystalline silicon solar cells. Our results reveal a direct
correlation between agglomerations of chromium, iron and nickel impurities with regions
of high minority carrier recombination. Additionally, based on the results we estimate the
'maximum possible size of the agglomerates present in the high recombination regions.
These results provide the first direct evidence that transition metal agglomerates play a

significant role in solar cell performance.

PACS: 61.72.Yx, 66.30.)t, 61.72.Qq



Multicrystalline silicon can be used to fabricate solar cells with moderate solar
conversion efficiency and low fabrication costs. These cells are presently manufactured
for terrestrial-based applications; however, an improvement in the efficiency of these
cells would greatly increase their commércial viability. In theory, multicrystalline silicon
or mc-silicon solar cells could perform as well as expensive, single crystalline silicon
solar cells which have cell efficiencies typically in the range of 17-20% [1] and even up
to 24% [2]. Although smali solar cells (1xlcm®) have Bcen made with mc-silicon with
efficiencies of up to 18.6% [3], standard mc-silicon solar cells (10x10cm’) possess
efficiencies of 13-15%. The primary cause for lowered efficiencies is localized regions of
high minority carrier recombination. These regions possess high concentrations of
dislocations [4-6]. It 1s known that minority carrier recombination at dislocations
themselves is relatively weak but greatly increases by decoration or precipitation of
transition metal impurities [7-10]. This suggests that dislocations in high recombination
regions of mc-silicon are decorated with transition metals, however, past research has not
presented direct evidence showing the source for carrier recombination at these
dislocations. Jastrzebski, etal., [11], have preseﬁted results which indirectly suggest that
metal impufi'ties could be precipitated in regions of high carrier recombination of mc-
silicon. Other work has revealed that metal impurity agglomerations are present at
dislocations in mc-silicon [12], however, no correlation was established to carrier
recombination. This research seeks to determine whether a correlation between metal
impurity distributions and regions of high minority carrier recombination exists in mc-

silicon solar cells.



Boron doped mc-silicon with an oxygen concentration of 2-3x10" atoms/cm’ and

a carbon concentration of 5-6x10" atoms/cm’ was used. The wafers were formed by an
electromagnetic casting method [13], followed by sawing and chemical etching to remove
saw damage. Minority carrier recombination was mapped across the as-growrrl material
with the light beam induced current (LBIC) method. The wavelength of the light used for
carrier excitation during LBIC measurements was 880nm. Al layers of 95A and 2500A
were evaporated onto the frontside and backside of the sample, respectively, in order to
pfovide electrical contacts for LBIC measurements. Prior to ¢vaporations, the material
was cleaned with a RCA cleaning process and silicon etching.‘ The backside contact was
- formed with a 450°C - 30 minute énneal to create an ohmic contact. The evaporation for
the frontside contact, which created a MIS structu‘re with a thin, native oxide layer

present, was performed after annealing the backside-contact. The frontside of | the

- samples were analyzed using synchrotron-based XRF mapping in order to determine
metal impurity content and distribution. Prior to XRF measurements, the Al layers were

reinoved with a VLSI grade HCl and HNO, chemical etch and the surface of the material

was cleaned with VLSI grade piranha (H,SO,:H,O,) etch and HF dips. The XRF

equipment 1s located at the Center for X-ray Optics microprobe beamline in the

Advanced Light Source Center. It uses 12.5keV monochromatic radiation to excite

elements in the sample with a spatial resolution of lu‘m2 and a Si-Li detector to measure

fluorescence x-rays from the sample, all in atmospheric conditions. The XRF microprobe

sensitivity is ifnpurity and matrix specific but, for. example, th.e system can detect a singlé

Ni precipitate/agglomerate in silicon greater than 10-20nm in diameter. The sampling

depth for 3d transition metal impurities in silicon is approximately 50um. It should be



noted that tﬁe sensitivity of the microprobe drops considerably for elements with an
atomic number < 16. Impurity concentrations are quantified with the use of standard
samples of known impurity levels. ‘Etch features on the sample surface, caused by slight
preferentiai etching of grain boundaries during the silicon etch prior to Al contéct
formation, were used as reference points to locate regions of interest.

LBIC mapping of minority carrier recombination across the mc-silicon sample
revealed localized regions of h‘igh carrier recombination. A typical LBIC map in a
portion of the material is shown in Figure 1 where dark regions indicate areas of high
carrier recombination. Of particular interest is the band of high carrier recombination
located approximately in the center of the scan area.

X-ray Fluorescengg (XRF) spectra were taken at lum’® points in the region of
Figure 1 as denoted by the black box. Typical spectra are shown in Figure 2. No x-ray
fluorescent radiation associated with impurities was measured in regions of the mc-
silicon with low minority carrier recombination. However, x-ray fluorescent radiation
associated with the 3d transition metals was found in regions of the material with high
carrier recombination. As seen in Figure 2, the Fe Ko and Fe K fluorescence radiation
at 6.4 keV and 7.06 keV, respectively, are clearly discernable above background noise.
The ratio of these spectral peak heights is approximately 4:1 for Ko to KB. This ratio is
in accordance with the expected intensity ratio of Ko to K radiation defined by the
electron transitioh probability betwee;l the Fe atom L and K shells which generates Koo
fluorescence radiation and the Fe atom M and K shells which generates Kp fluorescence
radiation. The presence of both Fe Ko and Fe K radiation, with the expected intensity

ratios, acts as fingerprint for the presence of Fe and provides direct evidence that Fe is



o

present in this region of the material. Fluorescent radiation at 5.4 keV and 7.47 keV is
also cléarly distinguished above background noise while small spectral peaks at 5.95 keV.
and 8.26 keV are only slightly above background. The intense peaké at 5.4 and 7.47 keV
concur with the energies of Cr.Ka and Ni K(; fluorescent radiation, respectively, while
the presence of weaker peaks at 5.95 and 8.26 keV correspond with Cr K and Ni Kf
fluorescent radiation, reépcctively. Considering the expected intensity ratio of Ko to K3 |
for both Cr and Ni is 4:1, and the péak intensity of the presumed Cr Ko and Ni‘ Ka
| 'spectral peaks at 5.4 keV and 7.47 keV is only 10 counts, the expected peak intensity of
. CrKp énd Ni KB coincides with the approximate intensity of the weaker peaks. This
provides strong evidence that Cr and Ni impurities are present in this region of the
material.

Concentrations of irﬁpurities at each 1um’® spot were calculated by analysis of the
collected spectra in comparison to standard samples with known concentrations of ‘
impurities. Impurity maps were produced in the region denoted by the black box in
Figure 1. Figures 3a,b and c¢ are impurity maps of Cr, Fe and Ni in this region. Clearly
there is a correlation between metal impurity distributions and minority carrier
recombination. This is the first direct proof thét metal impurity agglomerates play a
significant role in mc-silicon solar cell performance.

The XRF ‘microprobe sensitivityA limit for dissblved 3d transition metals is
approximately ION'7 atoms/cm’. Considering the maximum dissolved concentration of Fe
and Cr is <10" atoms/cm’ [14], the distributions of Fe and Cr in Figure 3 are impurity
precipitates/agglomerates. The Ni is also likely precipitated since the Ni diffusion

coefficient is extremely high, which allows for rapid precipitation. At each measured



lum’ spot a single precipitate or a number of precipitates may reside. If only one
precipitate is assumed present, the precipitate diameter can be calculated from the
measured impurity concentrations. Further assuming the precipitate is located at or near

the surface, the precipitate diameter, d, is given by:

3 dose* area 173
L bt (1) -

de surface = 2% [( . density

where dose is the measured concentration (atoms/cmz), area is the sampled area, i.e. the x-
ray spot size, and density is the atomic density of the impurity in the precipitate. For
instance, the measured concentration of 5x10'® atoms/cm’ for Fe, shown in Figure 3b,
would suggest one precipitate with a diameter of 0.288um is present in that area. This is
calculated with 1pm® x-ray spot and a-Fe atomic density of 4x10” atoms/cm’ in FeSi,. It
should be noted that equation (1) assumes no abéoxption of the outgoing fluorescent x-
rays by the silicon matrix, i.e., the impurities are assumed to be at the surface. This
assumption only allows for calculation of a lower limit to the concentration of impurities
in each 1um’ region of the material. A more accurate calculation of the diameter of the
impurity precipitate can be made using equation (2) if the depth of the Fe

precipitates/agglomerates is known.

/3
. d@depth,Q =dg surface * [exp(— u* Q)]l : ' (2)



Here Q is the depth of the precipitate and W is the linear absorption coefficient for the
matrix material, e.g. silicon, for the x-ray fluorescence radiation emitted by the impurity,
e.g. FeKa.

A critical assumption of the calculation of impurity precipitate size in equation (1)
is the assumption that only one precipitate exists in the 1um’ measured‘area. Contrary to
this presumption is past work, [12], which has shown Cu and Ni precipitates in mc-
silicon exist in nm-scale precipitates/agglomerates, which are dispersed over pm-scale
regions. Furthermore, work of Shen etal., [15], has indicated that Fe forms a fine
dispersion along dislocation lines as opposed to solitary clusters or precipitates. These
past works would suggeét a fine \dispersion of impurity precipitates exist in the XRF maps
of Figure 3 as opposed to a single large precipitate.

In conclusion, Cr, Fe and Ni metal impurities were found in electromagnetically
cast multicrystalline silicon used for solar cells. The distribution of impurities correlated
directly with regions of high minority carrier recombination.  The impurities are in the
- form of precipitates/agglomerates with a maximum diameter estimated at 0.3um,
although a fine dispersion of smaller precipitates/agglomerates is expected. The work
presented here is the first direct proof that metal impurity agglomerates significantly

affect the performance of multicrystalline silicon solar cells.
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List of Figures

Figure 1: Light Beam Induced Current map of carrier recombination across a portion of
multicrystalline silicon. An impinging radiation of 880nm was used to generate minority
carriers. Dark regions indicate high carrier recombination. The black box denotes the

area analyzed with x-ray fluorescence.

Figure 2: X-ray fluorescence spectra taken in high and low minority carrier
recombination regions of multicrystalline silicon. Data was taken at points in the region
denoted by the black box of Figure 1. Note the fluorescence signal of Cr, Fe and Ni in

the high recombination region.

Figure 3a,b&c: a) Cr, b) Fe and c) Ni distributions in multicrystalline silicon. The
mapped area directly corresponds to the area in the black box of Figure 1. Note the

correlation between metal impurity distributions and carrier recombination.
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Figures 1 of 3, S.A. McHugo, “Direct correlation of transition metal impurities and
minority carrier recombination in multicrystalline silicon”
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Figure 2 of 3, S.A. McHugo, “Direct correlation of transition metal impurities and
minority carrier recombination in multicrystalline silicon”
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Figures 3a,b&c of 3, S.A. McHugo, “Direct correlation of transition metal impurities and
minority carrier recombination in multicrystalline silicon”
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