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Abstract
Photoluminescence (PL) images and micro-PL maps were taken on n- and p-type, Cu- and Ni-doped monocrystalline silicon
wafers, in which the Ni and Cu had precipitated during ingot growth. Markedly different distributions of the precipitates were
observed in the n- and p-type samples: in the n-type Cu-doped samples, a particle-lean ring structure was observed, dividing the
sample into a central region and an edge region. Particles were distributed randomly in both regions, and those in the edge region
had lower contrast, smaller sizes and higher densities than those in the central region. In the p-type Cu-doped samples, by
contrast, the precipitates occurred in lines along <110> orientations. The Ni-doped samples showed similar features to the Cu
samples. The different precipitation behaviours in n- and p-type samples are conjectured to be related to different concentrations
of interstitials and vacancies in n- and p-type silicon.
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1. Introduction
Cu and Ni are two common metallic impurities in Si.[1-3] Due to their high diffusivities and solubilities,
contamination happens easily during the production and processing of wafers. [2, 3] Cu and Ni primarily exist as
precipitates in silicon at room temperature.[1, 2] The precipitates introduce deep band-like states in the bandgap of
silicon and thus can degrade the carrier lifetimes significantly.[1-5] As a result, the recombination-active areas due
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to the precipitates are visible in PL images. In this work we use both PL imaging and micro-PL mapping to
characterize the precipitates in Czochralski-grown (Cz) silicon, and compare the precipitates in n- and p-type
silicon.
2. Experiments
The samples used in this study were cut from six Cz ingots grown by SiliConsutlant [6]. For each type, one ingot
was grown as a control ingot, one was intentionally doped with Cu and one doped with Ni. The boron and
phosphorus doping levels of the samples were within the (1.2±0.2)×1016 cm-3 range. The Ni concentrations were
about 1.1×1014 cm-3, and the Cu concentrations were 2.2×1015 cm-3 in both n- and p-type samples, estimated by
applying Scheil’s equation to the concentration added to the melt, and the effective segregation coefficients[7]. The
wafers were silicon-etched and then passivated with Plasma-Enhanced Chemical Vapor Deposited (PECVD) SiN
films. The PL images were obtained using a LIS-R1 PL imaging system from BT imaging. The pixel size of the PL
images was about 23 μm. The micro-PL mapping system used in this study was a Horiba T64000 equipped with a
confocal microscope. For this study the wavelength of the incident laser beam was 810±10nm, and on-sample
average intensity was 11~12 mW. The illuminated spot size was 3.5 μm in diameter, and the scanning step size was
10μm in both x and y directions. The micro-PL maps allowed more highly resolved inspection of the precipitates,
due partly to the smaller pixel size, but also due to the higher injection level, which reduced lateral carrier diffusion
during the measurement.[8, 9] All measurements were performed at room temperature.
3. Results and discussion
3.1. PL images
Figure 1 shows the PL count rate images of the samples. The images of the control samples (1(a) and 1(b)) show
relatively uniform high-signal areas. In the image of the n-type Cu-doped sample (1(c)), the particles are not visible.
A bright ring-structure can be seen, dividing the sample into a central and an edge region. In the image of the n-type
Ni-doped sample (1(e)), the particles are visible and are randomly distributed, and a central region and an edge
region can be seen. In the p-type Cu-doped and Ni-doped samples (1(d) and 1(f)), the horizontal and upright straight
dark lines are laser labels. Ignoring these labels, the lined-up colonies of particles in two perpendicular orientations
can be seen. The orientations were identified as the <110> direction by cleaving the samples.
3.2. Micro-PL images
We then mapped several areas on all samples using the micro-PL system. The mapped areas on the samples are
indicated in Figure 1 as red squares or rectangles. Almost no particles were seen in the micro-PL images of the
control samples, as shown by Figure 2. The particles are visible in the images of the n-type Cu-doped sample
(Figures 3 and 4). Comparing Figure 3(a) and (b), the particles in the edge region have lower contrast, smaller sizes
and higher densities than those in the central region. A much lower density of particles is observed in the ring region
(Figure 4). In the p-type Cu-doped sample image (Figure 5), similar features with the PL image are observed. For
each type, the images of the Ni-doped sample (Figures 6 and 7) show similar features with the Cu-doped sample.
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Fig. 1. PL images of the (a) n-type control, (b) p-type control, (c) n-type Cu-doped, (d) p-type Cu-doped, (e) n-type Ni-doped and (f) p-type Nidoped samples. The red labels illustrate the areas where the micro-PL images are taken.

Fig. 2. Micro-PL images of two 800μm×800μm areas on the (a) n-type and (b) p-type control sample.

Fig. 3. Micro-PL images of two 800μm×800μm areas on the n-type Cu-doped sample in the (a) central region and (b) edge region.
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Fig. 4. Micro-PL images of a 1mm×1mm area on the n-type Cu-doped sample in the ring region.

Fig. 5. Micro-PL image of a 1mm×1mm area on the p-type Cu-doped sample.

Fig. 6. Micro-PL images of two 1mm×1mm areas on the n-type Ni-doped sample in the (a) central region and (b) edge region.
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Fig. 7. Micro-PL images of a 1.6mm×0.7mm area on the p-type Ni-doped sample.

3.3. Discussion
Table 1 lists the solubility and diffusivity data of Cu and Ni at 500 oC~700 oC. In the samples in this study, [Ni]=
1.1×1014 cm-3, and [Cu]= 2.2×1015 cm-3. At 500 oC~600 oC, the solubility is already one order of magnitude lower
than the concentration for both Cu and Ni, yet the metals are very mobile at this temperature range. As a result, Cu
and Ni should have precipitated quantitatively above 500oC, at which temperature the silicon was intrinsic. Thus the
strikingly different precipitation behaviours in n- and p-type samples cannot be explained by the Fermi level effect
model, in which precipitates are positively charged in p-type silicon (negatively charged in n-type silicon) leading to
a Coulomb repulsion (no coulomb repulsion in n-type) between Cui+ atoms and Cu precipitates.[10]
Table 1. The solubilities and diffusivities of Ni and Cu at 500 oC~700 oC based on Ref.[2]
Ni

T /oC

Cu

S (cm-3)

D (cm2/s)

S (cm-3)

D (Cui+) (cm2/s)

500

1.36×1013

1.72×10-6

1.06×1014

1.29×10-5

600

2.45×10

14

-6

15

2.52×10-5

700

2.44×1015

1.06×1016

4.30×10-5

3.87×10

7.35×10-6

1.38×10

The different precipitation behaviours in n- and p-type samples are conjectured to be related to different
concentrations of self-interstitials and vacancies in n- and p-type silicon.[11-13] In vacancy-rich region, Cu
precipitates distributes more homogeneously and randomly, and there could be circular structures.[11] Our results
agree well with those reported in literature, as shown by Figures 3 and 4. In interstitial-rich region, dislocationrelated colonies of Cu precipitates were reported in literature.[12] Similar mechanisms should also apply to Ni.[5,
14] The different concentrations of interstitials and vacancies in n- and p-type silicon can be caused by their
interactions with the dopant atoms by various mechanisms.[15-18]
4. Conclusion
Both PL imaging and micro-PL mapping were applied to the characterization of Cu and Ni precipitates in n- and
p-type Cz silicon. Strikingly different precipitation patterns were observed in n- and p-type samples. For each type,
Cu- and Ni-doped samples showed similar features. In n-Si, random and homogeneous distribution of particles in
several regions was observed; while in p-Si, the lined-up colonies of particles in two perpendicular orientations were
observed. Such a difference in n- and p-type samples is conjectured to be related to different concentrations of selfinterstitials and vacancies. A more detailed analysis of the precipitation mechanisms of Ni and Cu in these samples
is in progress and will be presented elsewhere.
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