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ABSTRACT

The first direct physical evidence is presented for the segregation of impurities to grain
boundary regions in cast and directionally solidified multigrained silicon.
Complementary scanning Auger microprobe (SAM) and secondary ion mass spectroscopy
(SIMS) techniques are used in conjunction with in-situ ultrahigh vacuum fracturing of the
multigrained silicon to identify impurities and their localization at the grain boundaries.
Both grain and grain boundary regions are exposed for comparative examination under
identical experimental conditions. Auger mapping methods are used to show impurity
distributions (ineluding Ni, Al, C and O) at grain boundaries. SIMS provides information
on trace impurities that are below the detectability limits of Auger electron
spectroscopy (AES). The impurities, which include C, Cr, Fe, Co, Zn, Cu, Al, Ni, Sb, Ti
and Mg, depend upon the growth technique and containing crueible as well as the silicon
source material.



TP-252

I. INTRODUCTION

Among the major impediments to the large-scale deployment of photovoltaic cells is the
high cost of semiconductor material. This is especially evident in the case of the single-
crystal silicon solar cell, which has demonstrated its effectiveness and reliability for
space applications and is the only solar cell commercially available for specialized
terrestrial use. However, its cost is a complex function of energy-intensive fabrication
processes, the high cost of material and single crystal production, and the material-

consumptive wafer cutting and preparation procedures.1

Alternatives to the single-
crystal silicon converter are under investigation, including long-range options for
intermediate efficiency thin-film and very high efficiency concentrator photovoltaic
devices.2»3 Because of material availability and the large scientific database compiled
for this semiconductor, silicon remains attractive for photovoltaics. Attempts at using
polycrystalline, thin-film silicon for solar cells have generally provided devices with less
adequate performance dominated by grain boundary recombination mechanisms.4»9
Recently, however, devices with efficiencies approaching those of single-crystal types
have been reported for cells fabricated from large-grain (1-10 mm diameter) silicon
grown by a casting technique.ﬁ'8 A micrograph of a typical sample is shown in Fig. 1.
This multigrained or semicrystalline material has both cost and energy saving potential
compared to Czochralski or float-zone counterparts. Another important factor, which
forms the basis for this paper, is that the casting process seems to foster the migration
of impurities - which may originate in the silicon source material or be extracted from
the crucible that contains and shapes the ingot - to the grain boundary regions. This
localization of impurities has important implications for both improving multigrained
solar cell performance by passivating the grain boundaries and for reducing device costs
by perhaps allowing the use of lower purity starting material.

This paper presents the first direct physical evidence for the localization of impurities at
the grain boundary regions in silicon grown by the casting and related directional
solidification techniques.  Complementary scanning Auger microprobe (SAM) and
secondary ion mass spectroscopy (SIMS) techniques are used in conjunction with in-situ,
ultrahigh vacuum fracturing of the multigrained silicon to identify and examine the
segregation of impurities resulting from the growth processes. By these procedures, both
grain and grain boundary regions are exposed for comparative examination under

identical experimental conditions.
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II. EXPERIMENTAL PROCEDURES

The multigrained silicon samples used in this study were obtained from three sources.
Two of them (termed Si-A and Si-B in this paper) were produced by a "conventional"
casting process in which the silicon was molten when it was poured into a shaping
crucible held slightly below the melting point of the silicon.? The third sample type
(termed Si-C) was produced by the directional solidification process.10 This differs from
casting in that solid silicon was loaded into the crucible and then heated into the molten
phase. In either case, the cooling and cooling rates were precisely controlled to provide
optimal grain size and structure. Both carbon and Aly03-based crucibles were used to
form the multigrained silicon ingots which were then sliced into thin (<1 mm thick)
sheets.

The surface analytical operations were performed in a Physical Electronies Industries
Model 590 scanning Auger microprobe system with secondary ion mass spectroscopy
capabilities. The minimum beam diameter of the SAM was measyred to be 1600A. A
differentially pumped argon ion gun was used for depth profiling and SIMS. Its beam
diameter could be focused to 140 um. The base pressure of the analysis chamber was 1.2
X 10'10 torr. An Extranuclear Laboratories quadrupole mass analyzer was used for the
SIMS, and elemental and molecular species of 1 to 1000 AMU could be analyzed. The
samples were inserted using an introduction/transfer system which preserved the UHV
chamber conditions, minimizing contamination to the volume. A sample fracture stage
permitted the in-situ ultrahigh vacuum exposure and comparison of both intragrain and
grain boundary regions. The condition of the fracture (i.e., whether through a grain or
along a grain boundary) was verified by comparing the topographies and impurity
contents to those of control samples fractured outside the analysis chamber. These
control samples were etched slightly in a weak NaOH solution in order to better
delineate the grain boundary intersections with the sample surface. With sufficient care,
the fracture could be confined to a desired region, and the location of the fracture (i.e.,
whether through a grain, along a boundary, or some combination) could be ascertained by
comparison with the original condition as recorded by an optical micrograph. A typical
fracture region is shown in the secondary electron micrograph of Fig. 2. Through
experience with the fracturing process, the smooth portion [labeled (a)] is determined to
be a grain boundary area. Fractures through the grain itself [labeled (b)] were generally
more structured. In most cases this desirable side-by-side analysis situation was provided
by the fracturing procedure. By the UHV fracturing technique, potential contamination
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to these surfaces from sorbed species was minimized, thus ensuring that the resulting
data were not artifacts of the experiment. The chamber environment was monitored
during the experiment with a separate quadrupole mass analyzer with residual gas

analysis capability.



TP-252

HI. RESULTS AND DISCUSSION

This investigation involves the application of two surface analysis techniques, SAM and
SIMS, to the solution of the impurity segregation problem. Since each contributes its
inherent diagnostic quality (e.g., submicron spatial resolution, nondestructive analysis,
monolayer surface sensitivity, quantifiable data, and nearly uniform elemental sensitivity
for SAM; increased sensitivity, usually 100 times better than Auger, isotope and
molecular fragment identification for SIMS), the methods are complementary. Thus,
they provide far more dependable and less ambiguous results if used, as in this study, for
essentially simultaneous analysis during the diagnostic procedure.

A. Auger Studies

Initial attempts were made to analyze the composition of the grain boundary regions in
the multigrained silicon wafer as it is normally prepared for device fabrication. In this
configuration, the grain boundaries are readily recognizable (see Fig. 1) but offer a low
surface area for analysis since they run practically perpendicular to the exposed
surface. Even with minimal electron beam diameter, analyses using this configuration
proved to be nonreproducible and inconsistent, although it does give an indication of the
impurity localization effects. Thus, the in-situ fracturing of the samples is utilized to
provide increased analysis areas (see Fig. 2). Two benefits are realized using this
technique: (1) since the fracturing and exposure is accomplished under UHV conditions,
the probability of generating external impurity artifacts on the analysis area through
handling is minimized; and, (2) the fracturing, as observed in Fig. 2, can provide exposure
of both grain and grain boundary regions for side-by-side analysis.

Fig. 3 shows an Auger point analysis of both the grain (a) and grain boundary (b) for a Si-
C (directionally solidified) sample. These data were taken in a region near the center of
the wafer, approximately 2 em from the crueible wall, with a 1.0 um beam size for
analysis. The Auger spectrum for the grain regions shows the presence of only Si and the
intentional dopant, B. However, the identical scan of the boundary indicates the
presence of B, C, Fe, Si and SiOy. This sample was solidified in a earbon crucible which
is the origin of the carbon in the Auger spectra. The carbon levels were noticeably
higher in the grain boundaries examined near the outer edge of the 5 em wafer. Near the
perimeter, carbon inclusions were detected in some of the grains themselves, but very
few such inclusions were observed in the central regions. This is consistent with the
expected higher carbon content in the liquid near the dissolution boundary. The Fe,



TP-252

which was detected on all boundary regions analyzed, is assumed to originate in the Si
source material since no Fe was detected in the carbon crucible material. The Si-
starting material was not available for analysis. The Fe concentration levels were fairly
consistent from the center of the wafer to the outer edge, with concentrations as high as
the 1 atomie-% level at the grain boundaries. If any impurities existed in the grains,
they were below the detectability limits (-0.1 atomic-%) of Auger eleetron

spectroscopy. 11

An Auger mapping of a grain boundary area is presented in Fig. 4. These data were taken
on an internal region of cast sample Si-A grown in a ceramic crucible. The secondary
electron image of the fractured grain boundary region does show some irregularities as
indicated at points 1 and 2. The Auger maps of this region do give evidence of impurity
concentrations (Ni, Al and C) in these areas with oxygen prevalent throughout. It should
be emphasized that the Auger maps here indicate buildup of the impurities which can be
remnants due to fracturing, and lower conecentrations of each are detectable throughout
the grain boundary regions. No impurities were found in the grain interiors. The grain
boundary localization of the Ni and Al (in the form of NiO and Al503, probably from the
crucible) is verified in the depth~compositional profile of Fig. 5 and corresponds to point
2 of Fig. 4. These data show that the Al, Ni and O concentrations diminish as the grain
region, shown by the increase of the Si signal, is reached. It is also evident that the
AlgO3 and NiO occur in alternating higher concentration layers perpendicular to the

12, 13 gince the sputter

grain. These data are not caused by sputter-crater edge effects
beam was rastered over a 1 mm by 1 mm area while the Auger electron analysis beam
was only some 1600A in diameter. Other impurities, both in this and other multigrained
samples, showed similar grain boundary localization evidenced by the depth-profiling

techniques.

These Auger electron spectroscopy data are presented as examples of the localization
evidence. Cast samples (Si-A and Si-B) and the directionally solidified samples (Si-C)
showed similar results. Only the elemental impurities, due to the difference in crucible
and starting materials, differed between sample types. Essentially no unintentional
impurities, outside of the C inclusions for sample Si-C, were detected in the interior of
the grains. Since the Auger technique is insensitive to concentrations at or below the

1018-1019/0m3 jevel, the determination of trace impurity content necessitated the use

of another surface-sensitive method.
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B. SIMS Studies

Generally, SIMS provides at least 100 times the sensitivity to trace elements of that
attainable by Auger spectroscopy. 14 4 is, however, limited in spatial resolution by the
broader diameters (usually greater than 100 um) of the ion probes. In the configuration
for these experiments, SIMS can be performed on the same region as the SAM
investigations without moving or otherwise disturbing the sample itself.

The analysis once again could be performed on adjacent grain and grain boundary
fractured regions, as shown in Fig. 2. Fig. 6 presents a typical SIMS spectrum for a
region formed by fracturing through a grain, this time from sample Si-A. A controlled
oxygen leak (107 torr) is used to enhance secondary ion yields. The SIMS spectrum
indicates primarily the presence of Si; the only impurity is the intentional dopant. The
oxides result from the oxygen leak, and the Na and K result from the inevitable inclusion
of the top and/or bottom surfaces of thin samples (previously exposed to the atmosphere)
in the SIMS analysis. In contrast, many impurities are observed in fractures at the grain
boundary (see Fig. 7). These data are taken on the identical region presented in the
Auger studies of Figs. 3 and 4. In addition to the C, Ni and Al, trace impurities including
Ti, Cu, B and Mg are detected. None of them appear in the corresponding analysis
performed on the grain region. SIMS profiles do confirm that the impurities are localized
at the boundary and do not significantly penetrate the grain itself. Figs. 8 and 9 present
similar SIMS data taken on the cast Si-B and directionally solidified Si-C multigrained
samples. In similarly fashion, the grains were relatively free of impurities and
localization occurred at the boundaries. Results of a bulk analysis performed
independently on sample Si-B indicate the presence of all the impurities detected in the
SIMS analysis of Fig. 8. From this bulk analysis, average concentrations (except for C,
0O, B and Si) are generally in the 1011-1014/cm3 range, which seems to correlate with
that detectable by the SIMS method if they were indeed confined primarily to the grain
boundary regions.

The distribution of impurities as detected by SIMS is not uniform throughout all
samples. Nor is it uniform in all grain boundaries of a given sample. Fig. 10 illustrates
such a difference. These data are taken on a grain boundary in the same region as that
shown in Fig. 7 (approximately 3 mm away). The SIMS spectrum, taken under the
identical experimental conditions used to generate the data of Fig. 7, shows some
differences, notably the lack of the Mg, Cu, Ti and Ni peaks. The reasons for these
differences can only be speculated upon and need further investigation to provide any
conclusions. However, these differences might correlate with previous reports that not



TP-252

all grain boundaries exhibit the same electrical behavior.? Experiments are underway in
this laboratory to correlate grain boundary eleetrical activity and impurity composition.
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IV. SUMMARY AND CONCLUSIONS

A summary of the Auger electron spectroscopy and SIMS investigations comparing the
impurity content detected in the grain and grain boundary regions of the multigrained
silicon is presented in Table I. This paper presents the first direct physical evidence for
the segregation and localization of such impurities at grain boundaries in both cast and
directionally solidified samples. Although the impurity level and content of the grain
boundaries seem to differ even in the same sample, the grains themselves appear
relatively free from suech impurities, at least within the detectibility limits of the
surface analysis techniques employed. Further work is needed to correlate the results of
this investigation with probable effects of impurity content on the electrical behavior of
the grain boundaries.
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“TABLE I Summary comparison of impurity content of multigrained Si
samples fractured in ultrahigh vacuum. (O) indicates that the
data were taken with an oxygen leak to enhance secondary ion
yields.

Si-A Si-B Si-C

AES Grain Si Si Si

P B
Grain Boundary SiOy, Si SiOy, Si 8i0y, Si
C C C
Ni Ni Fe
Al
SIMS Grain Si Si Si
P B B
C
Grain Boundary Si0, Si04 Si0y
Al (O) C Al (0)
Ni (O) B C
Ti (O) Zn (O) ‘Fe (0)
B Cu (0) B
Cu (0) Ni (O)
Mg (O) Cr (0)
Fe (O)
Sb (0)
Co (0)
Al

13
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Fig. 1 Micrograph of multigrained silicon sample.
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Fig. 2  Secondary electron detection image of fractured multigrained silicon: (a)
Grain boundary region; (b) Grain region.
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Fig. 3 Auger electron spectroscopy spectra for fractured multigrained silicon, sample
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Fig. 4 Scanning Auger mapping sequence for grain boundary region. Secondary
electron detection (SED) micrograph of region with Ni, Al, C and O Auger

maps are presented. (Sample Si-A).
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Fig. 5 Depth compositional profile of area 2 from Fig. 4 indicating localization of Ni,
Al and O at grain boundary.
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