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Abstract. To investigate transition metal precipitates in Si, synchrotron based measurements, like 
micro x-ray fluorescence (μXRF) or detailed transmission electron microscopy (TEM) studies, are 
usually necessary. Transition metals are among the most detrimental defects in multi-crystalline 
(mc) silicon material for solar cell applications, due to their impact on minority charge carrier 
lifetime and possible shunt formation. We present another possibility to investigate transition metal 
precipitates by 3-dimensional focused ion beam (3D-FIB) cutting using a combined scanning 
electron microscope (SEM) SEM-FIB-system. This method is able to detect transition metal 
precipitates down to 5 nm in radius and provides additional information about the 3D shape, size 
and spatial distribution of the precipitates. 

Introduction 
The material quality of Si wafers depends on the distribution of crystallographic defects. The most 
obvious defects in mc Si materials for solar cell applications are grain boundaries, dislocations and 
transition metals. The detection of transition metal precipitates in silicon materials using μXRF or 
TEM is well known and described e.g. in [1-6]. Electron beam induced current (EBIC) pre-
characterization of the samples is helpful to define regions of interest because the recombination 
activity of structural crystallographic defects is enhanced if those defects are decorated by transition 
metal impurities [7]. Falkenberg et al. [8] have demonstrated that EBIC pre-characterization 
provides the possibility to prepare TEM lamellas exactly at the position of highly recombination 
active regions and therefore allows for the successful measurement of transition metal precipitates. 
In this work we use the same approach and perform SEM images of a series of single FIB cuts 
providing data for a 3D reconstruction of the analyzed sample area. Further image processing 
allows to extract details of interest (here: transition metal precipitates) visible in a series of SEM 
images and to generate a 3D reconstruction. This so called 3D-FIB method has been firstly applied 
in photovoltaics for the analysis of the origin of so called “ghost plating” on the solar cell surface, 
using Ni/Cu contact formation via light induced electrical plating [9]. 

Experiment and measurement methods 
To enhance the transition metal concentration in the mc block cast silicon material, 20 ppma Cu 
were added to the silicon melt. This approach has the advantage that metal atoms are already 
present during crystallization and are not incorporated after crystallization and defect formation, 
which possibly results in different distributions of transition metal precipitates. Due to their small 
segregation coefficients, the highest concentration of these impurities is found in the top region of 
the mc Si ingot. Neutron activation analysis results in an overall concentration of approximately 
1*1018 at/cm3 Cu for the investigated samples from the top of the ingot [10]. 

The 3D-FIB approach is realized by using a combined SEM-FIB-system (Neon 40 EsB from 
Zeiss NTS GmbH), which is additionally equipped with an energy dispersive x-ray (EDX) detector 
and an EBIC system. The contaminated wafers were chemically polished to remove the saw 
damage. Further sample processing is not necessary for the following 3D-FIB investigation (except 
in case of EBIC pre-characterization). 
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Based on EBIC pre-characterization of the Cu contaminated wafers, several highly 
recombination active defects were chosen for further 3D-FIB investigations. First of all, a 3D-FIB 
investigation requires the usual FIB cutting of a cross-section at the area of interest. Afterwards, 
single FIB cuts with a distance between 5.5-25 nm are performed. SEM images have been recorded 
automatically after each FIB cut and are further analyzed to extract only the transition metal 
precipitates within the investigated sample area. 

After aligning the images for correct 3D analysis using Fast Fourier Transform by the Image 
Processing Extension [11] of KNIME [12], the backgrounds and sample surfaces are blanked out. 
Thresholds help selecting the foreground and provide 3D shapes in the image. By calculating 3D 
properties like number of pixels and geometric 2D properties like circularity and perimeter for each 
of these shapes, they can be categorized into a group of precipitates and a group of shapes being in 
the foreground because of image effects like the curtaining effect. The 2D properties are calculated 
for each 2D frame the 3D shape contains, and are then aggregated using various methods like 
geometric mean or standard deviation. 

Within the 3D reconstruction it was defined that at least five pixels with a different contrast 
value regarding the surrounding silicon matrix have to be connected to be identified as a precipitate. 
The choosing of five pixels corresponds well to the counting of precipitates which has been 
performed manually for several single SEM images. Therefore, the volume of the detected 
precipitates is defined by the pixel size of the SEM image and the distance between two single FIB 
cuts. The pixel size of the SEM image is influenced by the magnification and the image resolution. 
In principle, the spatial resolution of the used SEM system (1.1 nm @ 20 kV, 2.5 nm @ 1 kV) can 
be achieved. The distance between two FIB cuts depends on the applied FIB current. The 
investigated volume during one 3D-FIB cut is usually in the range of 25x15x15 μm3. 

Regarding all measurement parameters for the results shown in the figures below, precipitates 
with a radius of 7.6 nm or larger can be detected. Using measurement parameters allowing for a 
higher resolution, even smaller precipitates with r=5 nm can be detected, which is comparable or 
even below the detection limit of high resolution μXRF. 

Results 
A comparison of the EBIC pre-characterization measurements with standard SEM images of the 
different regions of interest at the sample surface results in a classification of highly recombination 
active defects in three different groups of extended crystal defects. Fig. 1a) indicates the different 
groups in an overview EBIC image. The first group (A) consists of recombination active centres 
caused by silicon nitride inclusions within the grain. Etch pits, assorted in different lines parallel or 
perpendicular to each other, are visible at the sample surface around the silicon nitride needle. 

The structure of these etch pit lines corresponds to an enhanced recombination activity in the 
EBIC measurements, as can be seen by comparison of the detailed EBIC and SEM image in 
Fig. 1b) and d). Similar etch pit alignments are found at the second group (B) of defects, while there 
is no inclusion of another material phase visible. The orientation of the etch pit lines is the same if 
several defected areas of type (A) or (B) are found within a grain. This hints at a relation between 
etch pit alignments and the crystallographic orientation of the grain, but was not further 
investigated. It has to be mentioned that the recombination active defects of the first two groups are 
located within a grain and not at a grain boundary. The etch pits are caused by a standard chemical 
saw damage etch and not by a special defect etch solution. Only the third group of investigated 
recombination active defects (C) consists of grain boundaries. 

In case of groups (A) and (B) a weak Cu EDX signal is measured locally at some points in the 
defected area. Regarding the detection limit of the EDX measurement in the SEM this hints towards 
an extremely high local Cu concentration at these defects. μXRF investigations at silicon nitride 
inclusions were described in [13] resulting in an enhanced transition metal content. Fig. 1c) shows a 
μXRF measurement of the investigated area. Due to the enhanced detection limit compared to 
EDX, a correlation between the recombination activity and the Cu contamination is visible. 
 



 
 

Fig. 1: a) EBIC measurement: examples for the three different defect groups investigated in 
this work. b) Detailed EBIC image of a group (A) defect. Lines of enhanced recombination 
activity are clearly visible. c) corresponding map of the Cu distribution measured by μXRF. A 
strong correlation between enhanced recombination activity b) and Cu signal c) is found. d) 
the sample surface shows a web of aligned etch pits by SEM investigations. The aligned etch 
pits correspond well to the enhanced recombination signal in b). e) detailed SEM image of the 
silicon nitride needle in the center of this defect structure. 

 
Several 3D-FIB cuts were performed at these different classified defects. Usually the FIB cuts 

were performed perpendicular to these grain boundaries or etch pit alignments. Only in some cases 
additional cuts parallel to the recombination active defect were applied. All measurements on 
defects of group (A) and (B) have in common that a large amount of particles are detected below 
the etch pits. Due to the intentional contamination and the results of the previously mentioned EDX 
and μXRF measurement, it is assumed that these particles are Cu precipitates. The distribution of 
transition metal precipitates ends almost abruptly with the enhanced recombination activity 
measured by EBIC. This supports the results of the μXRF investigation concluding that the 
transition metals are mainly responsible for the observed recombination effects in this sample area. 
Further detailed results vary for the three different groups and will be discussed separately. 
 
(A) Recombination active defects around a silicon nitride inclusion. The massive inclusion with 
lateral dimensions at the sample surface in the range of 70 x 40 μm² in the center of this 
recombination active defect is identified as a silicon nitride needle by EDX measurements. The 
sample surface area covered by this etch pit web is approximately 200x150 μm². This indicates that 
the silicon nitride inclusion leads to interruptions in the silicon matrix and causes further crystal 
defects like stacking faults, dislocations or stresses. 

A sample volume of approximately 40,000 μm3 has been investigated in several 3D-FIB cuts 
around the silicon nitride needle. The depth of the FIB cuts is around 15-20 μm. Fig. 2 shows single 
SEM images detected during FIB cutting perpendicular (a) and parallel (b) to the etch pit line. In 
Fig. 2b) the silicon nitride needle is clearly visible as well as hundreds of precipitates located only 
below etch pit lines and not in the surrounding sample area. All these precipitates are assorted in 
certain planes within the sample, as can be seen in Fig. 2a). 

The density of the detected particles within the planes below the etch pits is remarkable. In 
Fig. 2b) up to 40 precipitates per μm2 were found with an average diameter of approximately 
35 nm. The smallest particles have radii of 7.6 nm which goes along with the detection limit of the 
chosen measurement parameters. This enormous assembly of precipitates hints to a highly disturbed 
area providing several nucleation spots for precipitates. 

 



 
 
(B) Recombination active defects indicated by etch pit alignments. All statements of group (A) 
defects regarding surface structure, etch pits and recombination activity can be completely 
transferred to the second group of investigated regions (B). The only difference between group (A) 
and (B) is that in case (B) no extended inclusion in the centre of the recombination active defect 
structure is visible. It cannot be excluded that another silicon nitride needle is present underneath 
the sample surface or at the corresponding area on a directly neighbouring wafer. The observed etch 
pit alignments could be branches of large inclusions or other disruptions on a neighbouring wafer. 
Nevertheless, the 3D-FIB results show a behaviour different to case (A) and will therefore be 
discussed separately below. 

All of the investigated areas of type (B) have in common that the precipitates are also assembled 
in a certain plane within the sample. Fig. 3 shows a single SEM images (a) as well as the 3D 
reconstruction (b) and (c) of the particle distribution of the same region from two different angles to 
demonstrate the perfectly aligned precipitates. Compared to defects of group (A), type (B) defects 
correspond to a much lower particle density, but some precipitates are much larger resulting in a 
size distribution from the detection limit to the range of a few microns. 
 

 
 

Two different shapes are observed especially for larger precipitates: a disc-like and a more or 
less spherical or angular shape. The disc-like precipitates lie within the plane while all precipitates 
with an angular shape stand out of the planes and just touch them from one and the same side as can 
be seen in Fig. 3b). This leads to the assumption that local structural conditions of the silicon matrix 
as well as stress fields strongly influence the formation of precipitates, but this was not yet further 
investigated in comparison to the results of the formation of precipitates in the TEM study of [14]. 

Detailed information about the chemical state and composition of the Cu precipitates cannot be 
given by 3D-FIB reconstruction. Only for larger precipitates with diameters of a few hundred nm it 
is possible to interrupt the 3D-FIB cut and analyze the chemical composition of the precipitates by 
EDX within the SEM-FIB-system. Fig. 4 shows a SEM image of particles (a) and the Cu signal of a 
corresponding EDX mapping (b). Due to the limitations of the EDX method, it is obvious that the 
detection of smaller precipitates is not possible. For larger precipitates the EDX Cu mapping is in 
good agreement with the precipitates found in the SEM image. Other materials apart from Cu could 
not be clearly detected at the precipitates. 

These different observations regarding the size and distribution of transition metal precipitates 
compared to defect structures of type (A) suggest that another defect structure than a silicon nitride 
inclusion is responsible for the local crystallographic interruptions. In this case TEM measurements 
are needed to further analyze this sample area. 

Fig. 3: SEM image a) indicates 
different shapes of precipitates. The 
3D reconstructions in b) and c) 
demonstrate the distribution of the 
precipitates, their different sizes and 
shapes. 

Fig. 2: Single SEM images recorded 
during 3D-FIB analysis 
perpendicular (a) or parallel to an 
etch pit line (b). 



 
 
(C) Recombination active grain boundaries. Several other measurement methods revealed that 
transition metal precipitates can be found at recombination active grain boundaries [15]. Three 3D-
FIB cuts (each approx. 25 x 15 x 15 μm³) were performed at different highly recombination active 
grain boundaries, but nearly no transition metal precipitates could be detected within the 
investigated volumes. The used measurement parameters allow the detection of precipitates with 
radii larger than 15 nm. Regarding the small investigated volumes and the limited detection limit, 
this 3D-FIB investigation cannot exclude the presence of transition metal precipitates at these grain 
boundaries. It is possible that smaller precipitates are located at the grain boundary or their density 
is much lower compared to the investigated areas of group (A) and (B). Also the previously 
mentioned other measurement methods like μXRF or TEM have shown very different transition 
metal precipitate distributions at recombination active grain boundaries [e.g. 16]. Similar transition 
metal precipitate distributions at grain boundaries compared to defects of group (B) are only found 
if deep etch pits along the grain boundaries indicate highly disordered areas. 

Discussion 
The 3D-FIB investigations show that the arrangement of precipitates depends on local conditions. 
The distribution, variation in size and shape vary strongly for the three different investigated areas. 
An interaction of transition metals and crystallographic conditions is obvious regarding the particles 
assembled in certain planes. 

Compared to μXRF, 3D-FIB is more accessible, the spatial resolution is higher and leads to 
additional information of the size and shape of the precipitates. The investigated sample volume of 
3D-FIB is much larger than in TEM studies, but does not lead to any elemental information (except 
for interruption of the measurement followed by EDX analysis of larger precipitates in Fig. 4) or 
crystallographic information. 3D-FIB is destructive and does not allow investigation of the 
distribution of transition metal precipitates before and after process steps like in μXRF studies [17]. 

Summary 
With 3D-FIB nano-scale transition metal precipitates with radii down to 5 nm can be detected in Si 
wafers. 3D-FIB closes the gap of missing 3D information of precipitate distribution, size, and shape 
compared to μXRF and TEM studies. A combination of all three methods is necessary to obtain a 
detailed picture of transition metal precipitates in Si and to avoid misleading generalizations.

It could be shown that even within a sample the precipitation behaviour is strongly influenced by 
local crystallographic conditions. This has to be taken into account if process steps like e.g. 
gettering shall be optimized to reduce the transition metal content in Si material. 
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Fig. 4: a) several larger precipitates 
are visible in the SEM image. b) the 
corresponding EDX mapping of the 
Cu signal shows a strong correlation 
between enhanced Cu signal and the 
particles, indicating Cu-rich 
precipitates. 
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