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Photoluminescence (PL) images and micro-PL maps were taken on Cu- or Ni-doped monocrystalline silicon
wafers, to investigate the distribution of the metal precipitates. Several n-type and p-type wafers were used in
which Cu or Ni were introduced in the starting melt of the ingots and precipitated during the ingot cooling (as
opposed to surface contamination). The micro-PL mapping allowed investigation of the metal precipitates with
a higher spatial resolution. Markedly diﬀerent precipitation patterns were observed in n- and p-type samples: in
both Cu- and Ni-doped n-type samples, circular central regions and edge regions were observed. In these
regions, particles were distributed randomly and homogeneously. In the p-type Cu-doped and Ni-doped
samples, by contrast, the precipitates occurred in lines along < 110 > orientations. The diﬀerence in the
precipitation behaviour in n- and p-type samples is conjectured to be caused by diﬀerent concentrations of selfinterstitials and vacancies remaining in the crystal during the ingot cooling: there are more vacancies in the ntype ingots but more interstitials in the p-type ingots. The dopant eﬀects on the intrinsic point defect
concentrations in silicon crystals and possible precipitation mechanisms are discussed based on the ﬁndings in
this work and the literature.

1. Introduction
Cu and Ni are two of the most common metallic impurities in
silicon [1–3]. Due to their high diﬀusivities and solubilities, contamination can occur easily during the production and processing of wafers
[1–3]. Cu and Ni mostly exist as precipitates in silicon at room
temperature. The detrimental eﬀects of the precipitates on the carrier
lifetime of silicon materials as well as on the performance of solar cells
are well recognized [1–4]. Band-like deep states have been detected in
silicon wafers contaminated with Cu or Ni by applying deep-level
transient spectroscopy (DLTS) [5–10].
The recombination-active areas due to the metal precipitates are
visible in photoluminescence (PL) images [11]. In this work we
characterise the Cu and Ni precipitates applying both PL imaging
and micro-PL mapping to several n- and p-type Czochralski-grown (Cz)
silicon wafers, in which deliberately-added Cu or Ni had precipitated
during the ingot growth. In comparison with PL imaging, the micro-PL
mapping allows more highly resolved inspection of the precipitates,
because of the smaller pixel size, and also because the much higher
injection level achieved during the measurement makes the carrier
lifetime Auger limited, thus reducing the carrier diﬀusion [12].
Strikingly diﬀerent distribution patterns of the particles were observed
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in n- and p-type samples. We propose that the diﬀerent precipitation
behaviours of the metals reveal diﬀerent concentrations of vacancies
and interstitials incorporated into the growing silicon crystal, which
have signiﬁcant eﬀects on the precipitation behaviours of the metals.
The dopant eﬀects on the point defect concentrations during the ingot
growth are then discussed based on the ﬁndings of this work, and the
literature.
2. Experiments
2.1. Sample preparation
The samples used in this work were from six Czochralski (Cz) ingots
specially grown by SiliConsultant [13]. The ingots were pulled from <
100 > seeds, with a 2 mm/min speed at the full diameter (around
25 mm, in the 23–31 mm range). For each doping type, one ingot was
grown as a control ingot; one was intentionally doped with Cu and one
with Ni. Samples at similar solidiﬁed fractions in the middle of the
ingots were selected for this study. The samples were chemically etched
to remove saw damage, and then passivated with Plasma-Enhanced
Chemical Vapor Deposited (PECVD) SiN ﬁlms. The boron (p-type) and
phosphorus (n-type) doping levels NA/D of the samples were in the
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Fig. 1. Images of PL count rate (s−1) of the (a) n-type and (b) p-type control samples. The red square illustrate the areas where the micro-PL maps were taken.

range of (1.3 ± 0.4)×1016 cm−3, determined with the dark conductance
method [14]. The concentrations of Cu ([Cu]) in the Cu-doped samples
were within (2 ± 0.4)×1015 cm−3, and the concentrations of Ni ([Ni]) in
the Ni-doped samples were within (1.2 ± 0.2)×1014 cm−3, as estimated
by applying the Scheil law, with the eﬀective segregation coeﬃcients of
Cu and Ni taken as 8×10−4 [15,16], and 3.2×10−5 [15,17], respectively,
combined with the known starting concentrations in the melt of [Cu]
=1.29×1018 cm−3 and [Ni]=1.68×1018 cm−3, respectively. The control
samples were conﬁrmed to be dislocation-free by conducting defect
etching [18], after taking all the images and maps.

was within 31.5 ± 1.5 mW for both excitation wavelengths. The order
of magnitude of the injection level was estimated to be in the range of
1018–1019 cm−3. All the measurements were performed at room
temperature.
3. Results
3.1. PL images
Fig. 1 shows the PL count rate images of the n- and p-type control
samples. The bright rings which are non-concentric with the samples
and appear in almost all of Figs. 1–3 are artefacts caused by
luminescence reﬂected from the photo-conductance coil in the PL
imager. The images show relatively uniform high-signal areas, although
there are some surface scratches evident which are not related to the
ingot growth. The PL images of the Cu-doped samples are shown in
Fig. 2, and those of the Ni-doped samples are shown in Fig. 3. The red
square or rectangle labels in Figs. 1–3 illustrate the areas where the
micro-PL maps were taken. The dark crosses in Fig. 2(a) and the dark
squares and the upright and horizontal straight lines in Figs. 2(b) and
3(b) are laser lines for locating speciﬁc regions. In the image of the ntype Cu-doped sample (2(a)), particles are not easily distinguished. A
high-signal ring structure can be seen, dividing the sample into a
central region and an edge region. Within each region, the PL signal is
relatively uniform. The origin of the ring structure will be discussed in
Section 4.4. In the n-type Ni-doped sample (Fig. 3(a)), particles are

2.2. PL imaging and micro-PL mapping systems
The PL images were obtained using a LIS-R1 PL imaging system
from BT imaging [19]. The pixel size of the PL images was 23 µm. The
images were taken with a ﬁxed photo ﬂux of (1.9 ± 0.1)×1018 cm−2 s−1.
The injection level was estimated to be in the range of 1015–1016 cm−3.
The micro-PL mapping system used in this study was a Horiba
T64000 system equipped with a confocal microscope. The step size of
the maps was 6 µm in both directions. For the central region of the ntype Cu-doped sample, two diﬀerent excitation wavelengths, 525 nm
and 795 nm were used for the incident laser beam to investigate the
depth distribution of the particles. For other regions and samples, only
the 795 nm excitation wavelength was used. The on-sample size of the
525 nm wavelength and the 795 nm wavelength was 1.2 µm and
1.8 µm in diameter, respectively. The on-sample average intensity

Fig. 2. Images of PL count rate (s−1) of the (a) n-type and (b) p-type Cu-doped samples. The red square labels illustrate the areas where the micro-PL maps were taken. The dark crosses
in (a) and the dark squares and the upright and horizontal straight lines in (b) are laser lines for locating speciﬁc regions. The orientations of the lined-up colonies of the particles in (b)
were identiﬁed as the < 110 > direction as indicated by the arrows.
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Fig. 3. Images of PL count rate (s−1) of the (a) n-type and (b) p-type Ni-doped samples. The red square or rectangle labels illustrate the areas where the micro-PL maps were taken. The
upright and horizontal straight lines in (b) are laser lines for locating speciﬁc regions. The orientations of the lined-up colonies of the particles in (b) were identiﬁed as the < 110 >
direction as indicated by the arrows.

region (6(b)), most of the particles have lower contrast, but appear in a
higher density. There is a much lower density of particles in the ring
region compared with other regions. The left of Fig. 6(a) is close to the
central region, and the right is close to the edge region, as indicated by
the square label in Fig. 2(a). From the left to the right, fewer highercontrast particles but more lower-contrast particles can be seen,
indicating a transition of the particle type. The diﬀerent types of
particles in the central and edge region are also observed in the n-type
Ni-doped sample, as shown in Fig. 7. Fig. 7 also reveals that the highercontrast particles have larger sizes than the lower-contrast ones.
Fig. 8 shows the micro-PL map of an area on the p-type Cu-doped
sample, and Fig. 9 shows the micro-PL map of an area on the p-type
Ni-doped sample. Similar features with the PL images are observed in
the maps, but with a higher spatial resolution. In addition, it can be
seen that the lines of the particles are not perfectly straight, but heavily
jogged and discontinuous.
The detection depth of the micro-PL can be roughly estimated
based on the larger of the absorption length and the carrier diﬀusion
length, with the latter assumed to be Auger-limited. This gives an
approximate detection depth of 40 µm. The number of metal atoms
contained in each particle can then be estimated based on the volume
density of particles observed in the micro-PL maps (using the 795 nm
laser). Assuming that the precipitates are Cu3Si and NiSi2 [3,20], the
size of the particles can be then estimated. The sizes (in one dimension)
of the Cu3Si and NiSi2 particles are thus estimated to be in the 0.1–
1 µm range, and the 0.1–0.5 µm range, respectively, which are in

more clearly visible, possibly due to the sparser precipitate particles in
comparison with the n-type Cu-doped sample, as [Ni] is much lower
than [Cu] ([Ni] =1.2×1014 cm−3 whilst [Cu] =2.0×1015 cm−3). There is
slightly lower signal at the edge, and we refer to this circular lowersignal region as the edge region. The rest is referred to as the central
region. We can see that within each region, the particles distribute
randomly and homogeneously. By contrast, in both the p-type Cudoped sample (Fig. 2(b)) and Ni-doped sample (Fig. 3(b)), lined-up
colonies of particles in two perpendicular orientations can be seen.
Based on the known orientation of the seed crystal and the resulting
wafer surface, the orientation of the lined-up particles was identiﬁed as
the < 110 > direction (as indicated in Figs. 2(b) and 3(b)), by
comparison with natural cleave lines obtained by cleaving several
samples from the p-type Cu-doped ingot, and several samples from
the p-type Ni-doped ingot, in which we observed similar lined-up
colonies of particles.
3.2. Micro-PL maps
Micro-PL maps of the areas labelled in Figs. 1–3 were then taken.
Almost no particles were seen in the maps of the control samples, as
shown by Fig. 4. The micro-PL maps of areas in the central region, the
ring region and the edge region of the n-type Cu-doped sample are
shown in Figs. 5 and 6. Particles are visible in the micro-PL maps in
every region. In the central region (5(a)), it can be observed that some
of the particles have higher contrast than the others, while in the edge

Fig. 4. Micro-PL maps of a 720 µm×720 µm area on the (a) n-type and (b) p-type control samples.
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Fig. 5. Micro-PL maps of a 720 µm×720 µm area in the central region of the n-type Cu-doped sample. To investigate the depth distribution of the particles, two excitation wavelengths
(a) 795 nm, and (b) 525 nm were used to map the same area. The arrows in (a) illustrate where line scans of the PL signal were extracted (as presented in Fig. 10 and discussed in Section
3.3).

Fig. 6. Micro-PL maps of a 720 µm×720 µm area on the n-type Cu-doped sample in the (a) ring region and (b) edge region.

Fig. 7. Micro-PL maps of a 960 µm×960 µm area on the n-type Ni-doped sample in the (a) central region and (b) edge region.

excitation wavelengths 795 nm and 525 nm were used to map the same
area in the central region of the n-type Cu-doped sample, and the maps
are shown in Fig. 5. At room temperature, the absorption depths of the
525 nm and 795 nm wavelengths are 1.16 µm and 11.56 µm, respectively [22]. As a result, a particle located deeply underneath the surface

agreement with the literature [3,21].
3.3. Micro-PL maps with diﬀerent excitation wavelengths
To investigate the depth distribution of the particles, two diﬀerent
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surface precipitates but rather precipitated throughout the thickness of
the wafers, as expected when formed during ingot cooling.
4. Discussion
4.1. Excluding the ‘charged Cu precipitates’ model as an explanation
of the observations
The diﬀerence between the precipitation behaviours of Cu in n- and
p-type silicon (n-Si and p-Si) at room temperature has been reported
before [24–26]. Some authors have attributed the diﬀerence to the
diﬀerently charged Cu precipitates in n-Si and p-Si: The Cu precipitates
have an electro-neutrality level at about Ec−0.2 eV thus are positively
charged at room temperature in p-Si. The existing precipitates will
therefore repel the diﬀusing Cui+, hindering further precipitation. This
Coulomb repulsion does not exist in n-Si so the precipitation will not be
hindered. However, this model cannot serve as a satisfactory explanation for the observations in this work. At about 500 °C, silicon with the
doping levels of the samples in this work is eﬀectively intrinsic. As
calculated based on Ref. [3], the solubilities of Cu and Ni at 500 °C are
1.1×1014 cm−3 and 1.4×1013 cm−3, respectively. For both Cu- and Nidoped samples, the concentration of the metal is > 10 times higher
than the solubility, so the metals are highly super saturated. Being fast
diﬀusers, Cu and Ni should have precipitated almost quantitatively
above 500 °C during the relatively slow cooling down of the Cz ingots
[3]. In this temperature range, silicon is intrinsic, and the Fermi level is
at the mid-gap so the charge state of the precipitates is the same in both
types of silicon. Therefore the diﬀerent distributions of precipitates in
n- and p-Si observed in this work are not likely to be caused by diﬀerent
charge states of the precipitates.

Fig. 8. Micro-PL map of a 960 µm×960 µm area on the p-type Cu-doped sample.

Fig. 9. Micro-PL map of a 600 µm×1200 µm area on the p-type Ni-doped sample.

4.2. The eﬀects of interstitials and vacancies on the precipitation of
Cu and Ni

detected by the 795 nm wavelength should display a higher contrast
than that detected by the 525 nm wavelength [23]. To compare the
results more directly, line scans of the signal on several particles were
extracted. The lines are labelled as arrows in Fig. 6(a), and the results
are shown in Fig. 10, where the signal was locally normalized. The two
particles shown in Fig. 10(1) and (2) have similar contrast for both
wavelengths, thus they should be on or close to the surface of the wafer.
By comparison, the particles in (3) and (4) show an obviously higher
contrast when detected by the 795 nm wavelength, indicating they are
deeper in the bulk. This result indicates that the particles are not

When Cu nucleates and precipitates in Si, the stress due to the
volume expansion can be released by the emission of self-interstitials
[3,8]. It has been reported that in a vacancy-rich zone in silicon, Cu
preferably nucleates and precipitates near vacancies and voids which
can absorb these emitted interstitials [27,28]. As a result, in a vacancyrich region, the precipitates distribute randomly and homogeneously
following the distribution of vacancies and voids [27,28], which conforms with our observations in the n-type Cu-doped sample.
However, in interstitial-rich silicon, the precipitates tend to form
dislocation-related colonies [29]: during the precipitation of Cu, many
interstitials are emitted, and the supersaturated interstitials will
aggregate into dislocations, due to the absence of vacancy-related
defects for them to recombine with. A climbing interstitial-type
dislocation absorbs interstitials and emits vacancies [30], favouring
the nucleation and precipitation of Cu, which in turn emits more
interstitials, pushing the dislocations to climb [30,31]. As a result, the
precipitates align along the climbing dislocations. This mechanism of
repeated precipitation on climbing dislocations was studied in detail in
Refs. [32–36]. Note that this is diﬀerent from the Cu decoration of slip
lines in silicon. In the decoration of slip lines, the dislocations exist
before Cu precipitates, so the decoration will occur along straight lines
[37]. While in the repeated precipitation on dislocations, the precipitation of Cu and the climbing of dislocations occur simultaneously in
originally dislocation-free silicon. This results in heavily jogged dislocations and imperfect lines of precipitates [29,30,32,33,36]. This is
consistent with our observations in the p-type Cu-doped sample, as
revealed by Fig. 9. Colonies of Cu precipitates due to climbing
dislocations with Burger's vectors of b=a/2 < 110 > and b=a < 100 >
were reported previously [32], in agreement with the preferred
precipitation orientation of < 110 > identiﬁed in this work.
For Ni, the lattice parameter of Ni precipitates matches better with
the silicon matrix compared with Cu [3]. At 450 °C, it ﬁts well with the

Fig. 10. Line scans of PL signal on several particles detected by the 525 nm and 795 nm
wavelengths in the central region of the n-type Cu-doped sample. The numbers (1)~(4) of
the ﬁgures correspond to the labels in Fig. 5(a). The legend in (3) holds for all four
ﬁgures.
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(around 25 mm) as in this work, G is much larger than ingots with
larger diameters [42]. As a result, V/G could be very low yet above the
critical value, making it much easier to totally switch the ingot growth
to interstitial-mode.

matrix; at higher temperatures it is larger while at lower temperatures
it is smaller, due to the diﬀerent temperature-dependence of the lattice
[3]. If Ni precipitates form at 500–600 °C, interstitials are also emitted.
Thus the eﬀects of interstitials and vacancies on the precipitation of Ni
should be similar to Cu. Ni precipitation assisted by voids has been
reported in Ref. [38]. In addition, the atomic volume change associated
with copper precipitation as Cu3Si, and nickel precipitation as NiSi2 are
50% and 0.4%, respectively [5]. Thus the less pronounced structures
(including the bright ring structure in n-Si and lined-up colonies in pSi) observed in the Ni-doped samples could either be caused by the
much lower [Ni] than [Cu], or the lower sensitivity of precipitation
behaviours of Ni to the intrinsic point defect non-equilibrium, or both.”
Therefore the observations in the n- and p-type samples in this
work imply that there could be more vacancies in the n-type ingots but
more interstitials in the p-type ingots.

4.4. The structure in n-Si: related to the bands in vacancy-rich region
The vacancy-rich zone consists of three bands with diﬀerent
concentrations of vacancies and voids [46–48], which is the likely
reason why diﬀerent regions were observed in the n-type samples. The
three bands are [46–48]:
a) H-band. It is in the central region and has the highest starting [V].
The vacancies in this region tend to agglomerate into voids. Thus
the particles with higher contrast, larger sizes and a lower density
could be precipitates on the voids, while the particles with lower
contrast, smaller sizes and a higher density could be precipitates on
vacancies.
b) P-band. It is outside the H-band. In this region, vacancies react with
oxygen and form oxide particles. The remaining [V] is the lowest
among the three bands. This could be the ring region where the
metals tend to diﬀuse to other regions rather than nucleate and
precipitate within the band.
c) L-band. It is outside the P-band, and has the lowest starting [V]. In
this band vacancies neither form voids nor react with oxygen, and
the remaining [V] is similar with the H-band. This could be the edge
region in the n-type samples, where the particles are mostly
precipitates on isolated vacancies.

4.3. Grown-in intrinsic point defects and the eﬀects of dopants
Based on Voronkov's theory [39], the type of intrinsic point defect
which is dominant in a crystal depends on the ratio of the growth rate V
and the temperature gradient G at the solid/liquid interface. When V/
G > (V/G)critical, vacancies are grown in; when V/G < (V/G)critical,
interstitials are grown in. In principle the ingots grown for this study
are grown in vacancy-rich mode with a pulling speed of 2 mm/min.
However, the p-type ingots could have been switched to interstitial-rich
mode due to the dopant eﬀects. The eﬀects of the dopants B and P on
the incorporation of the intrinsic point defects have been reported in
several previous studies [40–45]:
a) Murarka et al. investigated the oxidation induced stacking faults
(OiSF) in P-doped n-type and B-doped p-type Cz ingots with
resistivites in the range of 0.6−40 Ω cm and found that, for nand p-type ingots with similar resistivities, the concentration of
OiSF is always at least one order of magnitude higher in n-type
ingots than p-type ingots [40]. It was not understood at that time.
As OiSF formation is related to the oxide particles formed in the
vacancy-rich zone [46,47], their results could imply that there are
more vacancies in the n-type ingots than p-type ingots.
b) Kock et al. explained the higher concentration of vacancies ([V]) in
n-Si and higher concentration of interstitials ([I]) in p-Si by the
pairing of the intrinsic defects with the dopants [41]. At intrinsic
temperature, interstitials are negatively charged thus pair with P+,
whilst vacancies are positively charged and pair with B-, resulting in
higher [V] in P-doped n-Si but higher [I] in B-doped p-Si.
c) Dornberger et al. investigated the eﬀects of B on the diameter of the
OiSF ring, and showed that a certain [B] could shift the ring
towards the wafer center (transition from vacancy-mode to interstitial-mode) [42]. They suspected the reason to be the size and
chemical eﬀects of B atoms.
d) Voronkov et al. explained that the value of (V/G)critical could be
changed by the dopants, caused by Fermi level eﬀects, impurityinduced strain or intrinsic point defect trapping by the impurities
[43–45]. We can now exclude the Fermi level eﬀects as the intrinsic
point defects should be incorporated at intrinsic temperatures,
when the Fermi level is at the mid-gap in both types of silicon.

5. Conclusions
Both PL imaging and micro-PL mapping were applied to characterizing the Cu and Ni precipitates in n- and p-type Cz silicon wafers. The
micro-PL mapping allowed greater spatial resolution of the metal
precipitates, and by applying diﬀerent excitation wavelengths, the
particles were found to be distributed throughout the thickness of the
wafers.
Markedly diﬀerent precipitation patterns were observed in n- and
p-type samples. In the n-type Cu-doped sample, a particle-lean ring
structure was observed, dividing the sample into a central region and
an edge region. Within each region, particles are distributed randomly
and homogeneously. However, in the p-type Cu-doped sample, the
precipitates occurred in lines along < 110 > orientations. For each
type, the Ni-doped sample showed similar features to the Cu-doped
sample. The diﬀerence in the precipitation behaviours in n- and p-type
samples is conjectured to be caused by diﬀerent concentrations of
interstitials and vacancies remaining in the crystal during the ingot
cooling: there are more vacancies in the n-type ingots but more
interstitials in the p-type ingots. The metals preferably precipitate on
defects to lower the energy barrier: in a vacancy-rich zone, they
precipitate near vacancies and voids which absorb interstitials; while
in an interstitial-rich zone, the climbing of interstitial-type dislocations
and repeated nucleation of the metals occur simultaneously. In this
work the orientations < 110 > along which the metals nucleate were
identiﬁed for both Cu and Ni. Diﬀerent intrinsic point defect concentrations in n- and p-type silicon ingots have been reported in several
previous studies, and the authors have attributed it to the interactions
between the intrinsic point defects and the dopants. Regardless of the
physical cause, this observation has implications for high purity silicon
ingots. Indeed, the contrast in intrinsic point defect concentrations
between n- and p-type silicon is likely to lead to distinct types of
growth- and process-induced defects in such materials, and hence
diﬀerent impacts on minority carrier lifetimes and devices.

Although there are various mechanisms proposed in the literature,
these studies showed that a certain amount of phosphorus favours the
presence of vacancies in a crystal, while a certain amount of boron
favours the presence of interstitials, supporting the proposed model of
precipitate formation in this study.
In addition, in comparison with the previous studies, it seems that
it takes much smaller amount of dopants to shift the balance to an
interstitial-rich crystal in this study. This could be possibly explained
by the much smaller diameter of the ingots. The diameter of the ingots
has a signiﬁcant eﬀect on G [42]. For ingots with such small diameters
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