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Abstract. Three hybrid ingots, where half the seed area was filled with fluidized bed reactor granules for high-performance
multicrystalline silicon growth and the other half with monocrystalline slabs for mono-like growth, were made. The ingots
were solidified in quartz crucibles with two different diffusion barriers and one reference crucible with no diffusion barrier.
The material quality of these three ingots was compared with respect to minority carrier lifetime and crystal structure. High
purity silica was used in one diffusion barrier, while a fraction of high purity quartz sand was mixed with such silica in the
second diffusion layer. High purity quartz sand was mixed in to further increase the purity of the diffusion barrier, thus,
reduce the low lifetime regions (or red-zones). The results indicate that the diffusion barriers between the quartz crucible
and the directionally solidified silicon ingots reduce the extent of the red-zones, which implies that diffusion barriers aid
in decreasing the amount of metallic impurities (particularly Fe) implemented into the silicon ingot. No visible changes to
the crystal structure were observed between the two ingots with diffusion barrier.

INTRODUCTION

Due to the high melting temperature (1412 °C) and reactivity of silicon at such temperatures, not many materials
are suitable for melting and solidification of silicon. Thus, crucibles for silicon photovoltaic and electronic applications
are made from silicon dioxide in the form of amorphous quartz, also called amorphous silica. Provided a high enough
quartz purity, in the case of reaction or dissolution only silicon and oxygen are released into the silicon melt. In the
production of silicon ingots by directional solidification an inexpensive and comparably impurity-rich slip-cast
amorphous silica crucible is used and coated by silicon nitride to prevent reaction with the melt. Potential impurities
in the feedstock, crucibles, coatings, and ingots have previously been evaluated for multicrystalline silicon solar cells
produced by directional solidification[1]. The crucible has been found to be the main source for performance-limiting
impurities, with potential contributions also from the nitride coating and the feedstock. Low minority carrier lifetime
areas in the ingots near the crucible walls caused by in-diffused metallic impurities are called red-zones[2]. A layer of
high purity (HP) quartz in addition to the nitride coating between the crucible and the melt can improve the diffusion
barrier for metal impurities, reducing the potential contamination of the silicon melt from the less pure outer layer of
the quartz crucible[3]. Former investigations of different commercial SiO, diffusion layers showed a positive impact
on the lifetime of multicrystalline Si ingots[4]. The performance of the barrier is highly influenced by its porosity,
thickness, and purity[4]. In the present work, the effect of high-purity (HP) diffusion barriers on the electrical and
microstructural properties of crystalline silicon ingots cast using directional solidification has been investigated for
multicrystalline (mc) and mono-like silicon ingots. Two ingots are made using diffusion barriers with different
compositions, and one ingot is made in a standard quartz crucible without a diffusion barrier.
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EXPERIMENTAL DETAILS

Three p-type (B-doped) hybrid ingots[5], where half the bottom is seeded with fluidized bed reactor (FBR)
granules and the other half is seeded with slabs cut from a Czochralski (Cz) ingot, were grown in a Crystalox DS 250
directional solidification furnace according to the same procedures followed in previous studies[6]—[8]. The ingots
were made in slip-cast fused quartz crucibles with different diffusion layers:

1. A reference ingot with no additional diffusion barrier (Reference ingot)
2. A high-purity (HP) silica diffusion barrier (HP-silica barrier ingot)
3. A diffusion barrier consisting of a mix of HP silica and natural HP quartz sand (silica/sand barrier ingot)

A thin layer of silicon nitride coating, which is composed of 90% a-Si3N4 was applied on the inner surface of the
crucibles to prevent silicon sticking and facilitate the ingot removal. Casting conditions and parameters were similar
for all the ingots. 0.5 mm thick wafers (cut perpendicularly to the growth direction) were then made from the center
of each ingot, while 2 mm thick vertical cross sections (parallel to the growth direction) were cut from the sides closer
to the outer perimeter of each ingot. The cross sections for each ingot were polished and etched isotropically using an
HNA-solution, as described in in Ref.[9]. Optical images at different angles of incidence reveal the dislocations in the
etched samples. Wafers from three heights were selected from each ingot, polished, and etched. Furthermore, Laue
scanning was used to obtain the grain orientation mapping of the cross sections. Minority carrier lifetime maps were
carried out by micro-wave photoconductance decay (micro-PCD) on non-passivated side-cuts, and photoluminescence
(PL) imaging of surface passivated wafers. Processing of the wafers include damage etching followed by an emitter
in-diffusion in a POCl; tube-furnace[10]. After plasma enhanced chemical vapor deposition (PECVD) of a hydrogen
rich SiNx anti-reflection coating (ARC) on both sides, the wafers were exposed to a simulated contact firing step[11],
[12]. After an etch-back of the ARC and the emitter the wafers were passivated using PECVD deposited amorphous
silicon on both sides. Minority carrier lifetimes are then measured using QssPC (Sinton WCT-120TS).

RESULTS AND DISCUSSION

Lifetime maps of vertical side-cuts from the three ingots are shown in Figures 1 a) to ¢). Multicrystalline and
mono-like regions are shown on the left- and the right-hand-side of each cross-section, respectively. It is possible to
distinguish the mono-like areas from the multicrystalline areas by the absence of grain boundaries. However, some
dislocation growth can still be seen in the mono-like areas. The extent of the low lifetime red-zone in the side-cuts,
with high levels of metal impurities, is reduced in both ingots cast with a diffusion barrier. With the high purity silica
diffusion barrier, the lateral extent of the red-zone was reduced by 40% relative to the reference ingot. However, the
barrier with an addition of high purity quartz sand, showed a 45% decrease in the lateral red zone thickness. No
significant differences between the multicrystalline and the monocrystalline regions can be seen with respect to the
red-zone from the crucible walls. However, dislocations in the mono-like region of the HP silica barrier ingot seem to
increase the extent of the low lifetime region near the crucible bottom in Figure 2b). This may also be a result of
insufficient gettering of metallic impurities, as the gettering efficacy in grain boundary and dislocation rich areas,
often decorated with impurities, is limited[13].

Figure 1 d) shows a photoluminescence image of a gettered and hydrogenated wafer from approximately 64%
height in Ingot 1. Figure 1d) clearly shows the mono-like and multicrystalline regions on the top and bottom parts of
the wafer, respectively. The average lifetimes, chosen from smaller areas within each region, are shown for all three
ingots in Figure 2. After gettering and hydrogenation higher lifetimes were measured in wafers from the silica/sand
barrier ingot than in wafers from the HP silica barrier ingot in the mono-like areas, with an exception in the highest
position. Wafers from the top position of the silica/sand barrier ingot are, however, strongly affected by dislocations
in the mono-like areas. In the multi-crystalline areas, the lifetimes in wafers from the silica/sand barrier ingot are
higher than in the HP silica barrier ingot for all wafer heights.
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FIGURE 1 Minority carrier lifetime maps by micro-PCD for non-passivated vertical side-cuts from a) the reference ingot, b) the
HP silica barrier ingot, and c) the ingot with a HP silica and HP quartz sand barrier. A PL-image of a wafer from ca. 64% height
in the reference ingot is shown in d). The scales are in microseconds.
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FIGURE 2 Average lifetimes in phosphorus diffusion gettered and hydrogenated wafers for a) the mc-Si areas, and b) the mono-
like areas for different heights in the ingots.

The dislocation mapping of the silica/sand barrier ingot cross-sections showed higher dislocation density in the
mono-like area compared to the other two ingots which might explain the low lifetime values towards the top of the
silica/sand ingot. An opposite trend, with decreasing dislocation density towards the top, is noticed in the HP silica
barrier ingot, which may explain the increase in the lifetime of towards the top in the mono-like region. Figures 3 and
4 show the Orientation Image Micrographs (OIM) of the ingots by Laue scan with the respective inverse pole figure
(IPF). The fraction of random grain boundaries of the HP silica barrier ingot decreases by 2% from about 47% to 88%
of the ingot height. Comparable fractions of 227 and random GB are found for all three ingots.
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FIGURE 3 OIM’s for the mc-Si areas of the Ingot 2 obtained by Laue X-ray for horizontal slabs at three relative heights (a-c):
47%, 68% and 88%, respectively. The IPF color legend map is shown on the right.
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FIGURE 4 OIM's for the multi-crystalline areas of all three ingots. The horizontal slabs are at 45% height of the ingots.

As expected, the presence of a diffusion barrier in the crucible does not affect the microstructure and grain
orientation of the ingot, while there is a clear effect on the impurity distribution (mainly proven by the lifetime maps)
and dislocation density (due again to the presence of metallic impurities). Quantitative impurity distributions both in
the crucibles and ingots investigated in this work will be presented in a future publication and seem to support these
conclusions.

SUMMARY

In this work, the effect of the crucible material on the silicon ingot properties is investigated. Samples from hybrid
silicon ingots partly seeded with FBR granules for high performance multicrystalline growth and partly with
monocrystalline slabs for mono-like growth are studied in terms of the minority carrier lifetimes and the
microstructure. Three such ingots have been grown: a reference ingot without a diffusion barrier, an ingot with a HP
silica barrier, and an ingot with a diffusion barrier made of a mix of HP silica and HP quartz sand. Lifetime maps on
non-passivated vertical side-cuts indicate that the presence of a diffusion barrier will reduce the extent of the in-
diffusion of metallic elements from the crucible during solidification relative to the reference ingot without a barrier.
A fraction of high purity quartz sand can be added to the diffusion barrier for improved minority carrier lifetimes.
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However, dislocations may still affect the measured lifetimes in passivated wafers, especially in the mono-like regions.
The grain orientation maps by Laue scan do not reveal any significant differences among the three ingots.
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