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This paper introduces a method for estimating the shape of the solidiﬁcation front along the height of a
directionally-solidiﬁed multicrystalline silicon ingot. The technique uses net dopant density images,
obtained on wafers via photoluminescence imaging under surface limited conditions, after the impact
of grain boundaries is eliminated through an image processing procedure. By modeling the dopant
distribution according to Scheil’s law, solidiﬁcation interface images are derived sequentially along the
ingot height. The technique is demonstrated on a compensated boron–phosphorus doped multicrystalline
ingot. The reconstructed three dimensional interface images, together with their evolution along the ingot
height, allows for subsequent optimization of the ingot growth process.
& 2012 Elsevier B.V. All rights reserved.
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1. Introduction
Low cost silicon feedstock, such as Upgraded Metallurgical
Grade Si (UMG-Si), has attracted attention in recent years as a
potentially cheaper raw material for photovoltaics [1,2]. One of
the challenges in producing high performance solar cells from this
kind of material lies in the ability of the silicon growth process to
obtain a ﬂat crystallization front, in order to yield columnar
crystal growth, effective metallic impurity segregation, and uniform
lateral dopant distribution [3]. Being the most difﬁcult impurities to
remove by metallurgical reﬁnement, boron (B) and phosphorus
(P) usually remain in signiﬁcant concentrations in UMG-Si after
puriﬁcation. Due to the different segregation coefﬁcients of these
dopants, the net dopant concentration varies noticeably with the
solidiﬁed fraction. Consequently, a non-planar solidiﬁcation front
has been shown to lead to non-uniform net dopant density
distributions across a wafer [4,5].
Previously, the solidiﬁcation interface shape has been estimated, for example, by observing the digitized contrast of X-ray
topography of a slice of the ingot cut vertically [6]. Another
proposal has been presented to attach cameras on two sides of a
transparent furnace, allowing interface shapes to be estimated
[7]. An ultrasonic has also been proposed for the determination of
the solidiﬁcation rate [8]. Recently, an ultrasound imaging probe
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was presented, which involves inserting a probe into the melt to
obtain a measurement of the interface position [9]. A lateral
photovoltage scanning (LPS) technique was also introduced for an
accurate measurement of as-grown interface shape [10], deriving
from the LPS principle described in Ref. [11]. Lately, Zeidler et al.
[12] have shown that photoluminescence images on a compensated ingot in which the dopant levels are re-charged several
times during growth can yield a representation of the interface
shape, based on tracking the position at which the doping makes
step changes.
In this work, we propose to utilize a simple wafer-based
photoluminescence imaging technique to ﬁrst obtain the dopant
density images along the ingot height, followed by a conversion of
these images to a series of solidiﬁcation interface surfaces using
Scheil’s law of impurity segregation. The acquisition of ﬁnal 3D
images enables a visualization of the interface during the solidiﬁcation process, even on ingots that have not been subject to
dopant re-charging, thereby providing insights into how to
optimize the furnace design and growth conditions.

2. Theory
2.1. Net dopant density measurement technique
Several dopant density imaging methods based on photoluminescence imaging have been presented in recent years [13,14]. In
this work, we use the method based on surface limited wafers
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[14] via photoluminescence imaging [15]. For p-type silicon for
which the incomplete ionization of acceptors can be neglected,

the measured photoluminescence intensity, or count rate, IPL s1
is proportional to the rate of radiative recombination, Rrad and is
thus proportional to the product of the minority and majority
carrier densities.
IPL ¼ Ai Bnp ¼ Ai BDnðNA þ DnÞ

ð1Þ

where Ai is a scaling factor, B is the radiative recombination
coefﬁcient and NA denotes the bulk dopant concentration for noncompensated p-type silicon [16].
At low injection, when Dn 5NA,
IPL ¼ Ai BDnN A

ð2Þ

Under surface-limited conditions [14,17], the surfaces have such
high recombination velocities that recombination is effectively
instantaneous and Dn is capped to a nearly constant value. Since
the diffusivity is only weakly dependent on doping concentration,
a near linear relationship between IPL and N A can be expected.
IPL 1N A

ð3Þ

Several points are worth noting here. First, the slightly superlinear relationship between IPL and NA arises due to the dependence of carrier diffusivity on the doping (ie. In the range of
dopant densities 41015 cm  3) can be modeled using numerical
simulation software and incorporated in the calibration process.
Second, as PL intensity depends on the majority carrier density,
this value could slightly differ from NA ND when incomplete
ionization of dopant occurs. Lastly, due to the higher dependence
of carrier mobility on compensation level for compensated
materials of higher compensation levels, this technique is best

suited for compensated materials with compensation levels o10
[18].
The advantage of this technique is that dopant density imaging
can be acquired with a single PL measurement and the absolute
dopant density value can be easily calibrated by using an average
value measured with alternative net dopant density measurement techniques. Of course, in regions of low bulk lifetime, such
as at grain boundaries, or in heavily dislocated regions, the
sample may not be surface limited. These regions should be
excluded from the analysis, for example by using the frequency
ﬁltering described below.
2.2. Extraction of net doping density image in compensated
multicrystalline material
Raw PL images from the surface-limited multicrystalline
silicon wafers contain information about both the net dopant
density, and about the recombination caused by structural
defects, predominantly grain boundaries. An example is shown
in Fig. 1a. An effective method for separating these two superposed data sets is by utilizing ﬁltering in the frequency domain.
As the patterns which are caused by the grain boundaries and
dislocation clusters result in ﬁner-scale variations in the spatial
image, they are represented by a higher frequency range in the
frequency domain. The dopant density, on the other hand, which
varies more gradually, is represented by a lower frequency range
in the frequency domain. By applying an appropriate ﬁltering
process, information relating to either data set can be extracted.
The conversion from spatial to frequency domain and vice versa is
achieved by utilizing the Fourier transform function described in

Fig. 1. (a) Raw image from an as cut sample (wafer 122) showing grain boundaries with ringlike doping structures in the background, (b) ﬁltered image from (a) showing
only spatial dopant density information, (c) residual image showing grain morphology, and (d) binary grain boundary image derived from (c).
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detail in Ref. [19]. This image ﬁltering technique can be performed using software such as Matlab or ImageJ. The threshold
value of the cut-off frequency can be estimated by the frequency
associated with the largest grains in the wafer. Fig. 1b and c
shows the resulting ﬁltered image reﬂecting the background
doping, and the residual image from the high frequency data,
respectively. Fig. 1d shows a binary image derived from Fig. 1c
reﬂecting grain morphology. It is worth noting that the residual
image, which reﬂects only the grain boundaries, provides a useful
means for microstructural topology studies.
2.3. Solidiﬁcation interface shape derivation
The derivation of the shape of the solidiﬁcation front from net
doping density images described in this work is applicable to any
ingot grown from a directional solidiﬁcation growth process.
Fig. 2a represents a brick cut from the central part of the
rectangular ingot used in this work. Fig. 2b shows curves
representing the solidiﬁcation interface shape, which may or
may not vary along the ingot height. In the presence of nonplanar interface shapes during ingot solidiﬁcation process, a
planar wafer cut horizontally from the ingot is made up of silicon
solidiﬁed at different stages of the growth process, and will
intersect different solid-melt interfaces. Based on the simpliﬁed
assumption that solidiﬁcation occurs from a well-mixed solvent,
the conversion of PL images to solidiﬁcation front images involves
the following three steps:
1) PL images acquired at the wafer level (x, y, z ¼h) are ﬁrst
converted to images of absolute net doping density, NA ND (x,
y, z¼h) by means of a calibration factor derived from alternative techniques such as Hall or ECV measurements [14].
2) The net dopant density images NA  ND(x, y, z¼h) can be easily
converted to the spatial distribution of the solidiﬁed fraction
fs(x, y, z¼h) along the cross-section z ¼h of the brick based on
the relationship of (NA ND) and fs derived from Scheil’s
equation. Although the resultant fs images have no physical
representation, they are correlated to the solidiﬁcation interface curvature for interfaces of small curvature. The deviation
of the solidiﬁed fraction distribution in each image, Dfs, can be
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obtained from the difference between fs and the normalized
position of the wafer with respect to the total ingot height, H:

Df s ¼ f s ðx,y,z ¼ hx Þhx =H

ð4Þ

3) Solid-to-liquid interface, which can be deﬁned as the surface of
iso-solidiﬁed fraction, is the surface for which the spatial
distribution of the solidiﬁed fraction fs(x, y, z) is constant
within the ingot, and can generally be presented by z(x, y),
where z is the vertical direction of the furnace (Fig. 2b). It is
apparent that a higher curvature depth Dz in the iso-solidiﬁed
interface is correlated to a larger Dfs in a planar wafer, where
more iso-solidiﬁed surfaces are contributed to the solidiﬁcation of the horizontal section from where the wafer is cut.
Utilizing this relationship between Dfs and Dz, the reconstruction of the solid-to liquid interface shapes z(x, y) can be
achieved by mapping Dfs to D z(x, y) according to the ingot
height, H:

Dzðx,yÞ ¼ Df s ðx,y,z ¼ hÞH

ð5Þ

The iso-solidiﬁed surface z(x, y) for a speciﬁc height, h in the ingot
is therefore,
zðx,yÞ ¼ h þ Dzðx,yÞ

ð6Þ

Combining Eqs. (4)–(6) gives:
zðx,yÞ ¼ 2hf s ðx,y,z ¼ hÞH

ð7Þ

Uncertainty in the solidiﬁcation interface shapes is contributed
by factors such as back diffusion, ﬂuctuations in impurity concentrations in the melt, or the presence of thermal donors. This
uncertainty can be estimated by measuring the degree of overlapping (in z-direction) which occurs between adjacent solidiﬁcation front images (Eg. wafer 110 and wafer 111), or conversely,
the minimal separation between solidiﬁcation front images along
ingot height at which such overlapping starts to emerge.
A summarized process of the solidiﬁcation interface derivation
is outlined in Fig. 3.

Fig. 2. (a) (Left) Schematic diagram showing the silicon brick used in this work, which was cut from the central part of an ingot and (b) (Right) Non-planar interface
generated during the ingot solidiﬁcation process.
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Wafers lower than 28% were not used because of the presence of
metal contaminants from the bottom of the crucible, making the
surface-limited conditions difﬁcult to achieve. Five of the twelve
wafers (32%, 49%, 65%, 80% and 88%) used for PL imaging were also
subject to Electrochemical Capacitance–Voltage (ECV) net doping
measurements, and another ﬁve 11% (wafer 22), 22% (wafer 55),
39% (wafer 105), 72% (wafer 205) and 89% (wafer 255) wafers from
other positions were used for Hall measurements of the net doping.
The wafers were subject to sandpaper abrasion on both surfaces in
order to achieve the surface limited conditions required for net
doping images, as described elsewhere [17]. All twelve wafers are
PL imaged both in as-cut states and after sandpaper abrasion. No
discrepancies were observed in the raw PL images of the two sets of
data. This conﬁrms that the as cut samples are already under surface
limited conditions, thus can in principle be utilized directly.
PL imaging in this work was obtained with a BT imaging LIS-R1
instrument. Excess carriers are generated by illumination with a
steady-state 808 nm laser and images could be taken with variable
laser intensity, up to one sun equivalent, and with variable integration
times from 0.01 to 30 s. The band-to-band photoluminescence from
radiative recombination from the sample is captured by a one
megapixel silicon charge-coupled device camera of 160 mm spatial
resolution. All PL images are ﬁrst subjected to deconvolution with a
point-spread-function (PSF) to reduce the impact of light-scattering
effects in the detector [20].
3.1. Averaged PL measurements along ingot height
Fig. 4 shows the PL intensity values measured from the twelve
wafers sampled along the ingot height, as well as the net dopant
density determined by ECV and Hall measurements. Measured PL
intensity values are represented by the red square symbols, with
the scale shown on the right vertical axis, and the net dopant
density values measured by ECV and Hall methods are represented by the green circular and black triangular symbol respectively, with the scale shown on the left vertical axis.
Fig. 4 also shows the estimated doping distribution in the ingot
studied based on Scheil’s law of impurity segregation, represented
by the three solid lines: brown, black and gray lines which represents
the boron, phosphorus and net dopant density respectively, after
ﬁtting with the measured data. The initial boron concentration

Fig. 3. Flow chart of the process for determining the solidiﬁcation interface
images.

3. Experimental procedures
The multicrystalline wafers used in this work were sawn from a
125  125 mm2 block taken from a slightly off-centered position from
a boron–phosphorus compensated multi-crystalline ingot of dimension 35 cm (W)  35 cm (L)  10 cm (H). The ingot was grown by
directional solidiﬁcation [4] with 40 kg of UMG-Si obtained via the
Photosil puriﬁcation process. GDMS analysis on this feedstock
revealed a boron concentration of 0.3 ppmw (3.9  1016 cm  3) and
a phosphorus concentration of about 1 ppmw (4.5  1016 cm  3).
Wafering of this material was performed with the conventional wire
saw method. Twelve wafers of 200 mm thickness, sampled along the
ingot height at 28% (wafer 72), 32% (wafer 85), 34% (wafer 92), 44%
(wafer 122), 49% (wafer 135), 52% (wafer 145), 61% (wafer 172), 65%
(wafer 185), 69% (wafer 195), 80% (wafer 228), 82% (wafer 235) and
88% (wafer 252) of the ingot height were used for PL measurements.

Fig. 4. Net dopant density determined using PL, Hall and ECV measurements
obtained from wafers sampled along the height of the ingot. Solid lines are ﬁts to
Scheil’s law of impurity segregation.
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obtained from the ﬁt is 3.9  1016 cm  3, which is consistent with the
value measured from GDMS technique ((NA  ND)GDMS ¼3.9 
1016 cm  3). The initial phosphorus obtained from the ﬁt is
4.08  1016 cm  3, which is slightly lower than the value obtained
from GDMS ((NA ND),GDMS ¼4.5  1016 cm  3). The discrepancy
observed in phosphorus impurity concentration is likely to be due
to the fact that as GDMS analysis was performed on a small feedstock
sample, the value might not be accurately representative of the entire
silicon batch. The low segregation coefﬁcient of phosphorus contributes to a non-uniform distribution of the dopant and thus its
concentration may vary from one feedstock sample to another,
especially considering that the last puriﬁcation step is segregation.
It can be seen that the proﬁle in Fig. 4 is very close to the net
dopant density proﬁle derived from the Scheil’s model, reﬂecting the
theoretical near-linear relationship between the PL intensity and the
net dopant density in the surface-limited wafers expressed by Eq. (3).
From Fig. 4, it can also be seen that due to the lower segregation
coefﬁcient of phosphorous compared to that of boron, the lower
section of the ingot (represented by the solidiﬁed fraction), has a
higher boron concentration than that of phosphorus, and hence
results in a p-type polarity. The counterbalancing of both impurities
takes place at around 82% of the ingot height, where type inversion
occurs. Beyond this region, the polarity of the material is converted to
n-type. The polarities of the samples were also veriﬁed separately
using hot probe measurements.
3.2. Net dopant density images
Fig. 5 shows contour plots of wafer 228 and 252, sampled from
80% and 88% of ingot height position, respectively, after calibrating
with ECV measurements. A spiral-like dopant density structure can
be seen in Fig. 5a, which seems to reﬂect the effect of local
temperature ﬂuctuations. Also, higher net dopant density is found
in the central region of image of the p-type wafer in Fig. 5a, but the
reverse is true for the image of a n-type wafer in Fig. 5b. The reverse
doping proﬁle in both images indicates not only a change in net
doping type but also the fact that the periphery of the wafer is more
compensated by the phosphorus than the central region, hence
suggesting the presence of a solidiﬁcation interface that is convex
toward the melt during ingot growth.
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concave (toward the melt) and convex (toward the melt) shapes
in the dopant density images of wafer 95 and 252 resulted in the
same convex geometry (toward the melt) in the solidiﬁcation
front images.

4. Results and discussion
4.1. Solidiﬁcation interfaces visualization
Fig. 7 shows the sequence of the solid-melt interfaces reconstructed from the wafers sampled along different positions of the
ingot height. The interface is most curved in the central region of
the ingot (wafer 122), and then ﬂattens off toward the upper part
of the ingot. This convex solidiﬁcation front suggests a slightly
lower temperature in the center of the furnace than on the edges.
This can be explained by the strengthened lateral thermal
insulation achieved by the opaque side walls [4], the argon gas
ﬂow for temperature homogenization at the top of the crucible,
coupled with heat extraction at the transparent bottom [4] of the
furnace, which is strongest in the center of the ingot. Standard
deviations of the solidiﬁcation interface are shown in Fig. 8.
Curvature of the solidiﬁcation interface is observed to increase
slightly from the bottom region toward the middle, and reduces
gradually as it approaches the top region. The increase in
curvature from the bottom region to the middle region can be
due to the increasing thermal insulation effect contributed by the
underlying solidiﬁed silicon during ingot growth. The ﬂattened
interface, which resulted from a more uniform temperature
distribution in the upper region of the growth system, reﬂects
the temperature homogenization effects achieved by the argon
gas ﬂow. The position of the argon gas ﬂow is also evidenced from
the protruding tips of the solidiﬁcation interface shown in
Fig. 6b and d.
It is also worth mentioning that because of the small size of
the ingot size (35 cm (W)  35 cm (L)  10 cm (H)), the curvature
of the solidiﬁcation interfaces is found to be rather signiﬁcant.
In the industrial setting where ingots are usually grown from
larger crucibles, solidiﬁcation interfaces of reduced curvature can
be expected.

3.3. Solidiﬁcation interface images
5. Conclusion
Fig. 6a and c shows the dopant density images of wafer 95 and
252, and Fig. 6b and d, shows their respective solidiﬁcation front
image. These solidiﬁcation front images are derived based on the
principles described in Section 2.3. It can be seen that both the

A technique for estimating the shape of the solidiﬁcation
interface during ingot growth from net doping images has been
demonstrated for a compensated multicrystalline silicon ingot.

Fig. 5. Net dopant density images of (a) (Left) wafer 228 (80% ingot height p-type) and (b)(Right) 252 (88% ingot height n-type), respectively. Different scales are used to
show variations within wafers. Opposite proﬁle in net dopant variations is observed in wafers of different net doping types.
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Fig. 6. (a) and (c) dopant density images of wafer 95 and 252 respectively. (b) and (d) solidiﬁcation front images derived from (a) and (c).

Fig. 7. Visualization of the solidiﬁcation interfaces along ingot height reﬂecting a
more uniform temperature ﬁeld in the upper region of the furnace.

The process involves obtaining net doping density images via PL
measurements on the surface-limited wafers, and then applying a
simple numerical model for the evolution of the interface shape
along the ingot height. The results of net doping variations along
the ingot determined using the PL technique are consistent with
measurements obtained by ECV and Hall measurements. The
solidiﬁcation interface shape was found to be signiﬁcantly curved

Fig. 8. Standard deviation of the solidiﬁcation front from bottom to the top of the
furnace.

in the central part of the ingot, which ﬂattens off toward the top
of the crucible, reﬂecting an improved temperature homogenization in that upper region.
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