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ABSTRACT: We present images of the total trap density in standard industrial material which are extracted from 
Carrier Density Imaging (CDI/ILM) measurements. We demonstrate the influence of high temperature on the trap 
distribution as well as the spatial correlation of traps and crystal defect density. From these observations we deduce 
that the trapping effect may originate from impurities located at crystal defects. Fast trapping measurements on as-
cut wafers are presented that may be used to predict the diffusion length distribution of the processed solar cell for 
a given cell process. This prediction may be very useful for inline characterisation of starting material. 
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1 INTRODUCTION 

 Trapping of charge carriers has been presented as a 
means to characterise material quality [1,2]. In these 
previous publications the integral trap density of 
different material has been extracted from 
photoconductance lifetime measurements averaged over 
a larger detection area. Correlation between trap density 
and boron-impurity-contamination has been found as 
well as correlation with the (integral) crystal defect 
density. Recently, hydrogen passivation has been 
correlated with trap density [3].  The most important 
restriction of these measurements is the lack of spatial 
resolution which is necessary for examining variations in 
material quality. Trap images for multicrystalline silicon 
were reported in [4], recently for Cz-silicon in [5] and 
analysed  for multicrystalline silicon in more detail in 
[6-9]. The determination of the total trap density from 
lifetime images has been named as ITM (Infrared Trap 
Mapping) in [5]. The information about the spatial 
distribution of trap centres is of high importance for 
multicrystalline material as we will show in this paper. 
 We present images of the trap density in 
multicrystalline silicon obtained from injection 
dependent lifetime images with Carrier Density Imaging 
CDI [10,11] (equivalently termed Infrared Lifetime 
Mapping ILM [12]). The evaluation assumes, that the 
anomalous increase of apparent lifetime at low injection 
is caused by a trapping effect. The Hornbeck and Haynes 
trapping model is used to fit injection dependent 
measurements for each image pixel.  
 We examine the effect of high temperature treatment 
on the distribution of traps. We compare trap density 
images of a sample before and after a thermal treatment 
at 880 °C for one hour under argon atmosphere as well 
as the corresponding recombination lifetime images. 
Furthermore, we compare trap density images and 
crystal defect density images for multicrystalline 
material.   

Finally, we correlate trap images on as-cut 
multicrystalline wafers with diffusion length images 
obtained using Spectrally Resolved Light Beam Induced 
Current (SR-LBIC) [13] on finished solar cells processed 
on adjacent wafers. This correlation may be used to 
predict the distribution of diffusion length on the 
finished cell from a fast trap measurement for a given 

cell process. Trap images may be obtained within a short 
measurement time in the order of one second and no 
wafer preparation is needed. Thus, the acquisition of 
trap images may be used for inline characterisation of 
starting material. 

2 IMAGING OF SPATIALLY RESOLVED TRAP 
DENSITY 

 The anomalous increase of apparent lifetime under 
low-injection conditions may be explained by different 
models. For a detailed discussion we refer to [6]. In this 
paper we apply the Hornbeck and Haynes model [14] 
which assumes a defect level with asymmetric capture 
cross sections to be responsible for the trapping effect. 
Free minority carriers are easily captured in these defect 
states but do not recombine with holes because of the 
small capture cross sections of these states. In steady-
state measurements the minority carrier density is 
determined by the generation and recombination rate 
and does not depend on temporary trapping of minority 
carriers. However, lifetime measurements like QSSPC 
[15] and CDI/ILM depend on both, the free excess 
minority and free excess majority carrier density, and 
assume equality of both. In presence of trapped charges 
this assumption does not hold because charge neutrality 
forces the free excess majority carrier density to exceed 
the free excess minority carrier density. Especially under 
low-injection conditions this results in an anomalous, 
increased “apparent” lifetime. 
 The measured apparent lifetime app( napp) is 
modelled with the following equations deduced from the 
Hornbeck and Haynes model. In the case of p-type we 
find [4]  
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where n,p are the absorption coefficients for electrons 
and holes, rec is the low-injection recombination 
lifetime, n is the excess minority carrier density, and nT
is the density of trapped minority carriers with 
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NT denotes the total trap density and ( t/ g) is the trap-
escape ratio (see [1] for details). The case of n-type 
material is analogous. 
 From equation (1) to (3) an expression for app( napp)
can be deduced which is then fitted to injection 
dependent CDI measurements for each image pixel (see 
Fig. 1). NT is used as a fitting parameter and is then 
displayed. For further details, see [6]. 
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 Figure 1: Examples of lifetimes measured with 
injection dependent CDI under low-injection conditions 
for different positions on the wafer. The lines indicate 
the model with adapted trapping parameters. 

3 COMPARISON OF TRAP DENSITY AND 
RECOMBINATION LIFETIME BEFORE AND AFTER 
HIGH TEMPERATURE STEP 

 Figure 2: a) Lifetime image of an as grown  SiN-
passivated multicrystalline silicon sample (12x12mm²) 
at 1 sun illumination. b) Corresponding total trap density 
image. 

 Injection dependent lifetime images have been 
obtained from standard, directionally solidified 
multicrystalline silicon samples (12 mm x 12 mm, SiN-
passivated) and trap density images have been calculated 
from these measurements (see Fig. 2). After the 
measurement, the SiN-passivation has been removed 
and the samples were heated to 880 °C for 1 hour under 
Argon atmosphere. After the thermal treatment, the 
samples have been re-passivated. Again, lifetime and 
trap density images have been taken (see Fig. 3). 

 Figure 3: a) Lifetime image of sample shown in Fig. 
2 after thermal treatment at 1 sun illumination. b) 
Corresponding total trap density image. 

 A re-distribution and reduction of the highest 
trapping centre concentrations found in the as grown 
material by the heat treatment may be inferred from 
these measurements. Nevertheless, the general structure 
of the trap distribution remains unaffected by the high 
temperature step.  

4 CORRELATION OF TRAP DENSITY AND 
CRYSTAL DEFECT DENSITY 

 The trap density image has been compared to an 
Etch Pit Density EPD measurement on the same 
material as above (no thermal treatment) (Fig. 4). The 
crystal defect density is obtained by the following 
procedure: The surface of the sample under test is 
polished before Secco-etching the surface. Etch pits are 
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counted automatically with a microscope and are 
evaluated to obtain the crystal defect density. 

 Figure 4: a) Total trap density image (12x12 mm²)  
b) Crystal defect density from EPD measurement on 
adjacent wafer. 

 The distribution of the total trap density correlate 
very well with the crystal defect density. Even small 
details in the trap density map correspond to increased 
crystal defect density. Some additional characteristics in 
the crystal defect density map are due to scratches 
induced by the polishing procedure. 
 The correlation of trapping and crystal defects in 
combination with the observed influence of high 
temperature steps on trapping suggests that the trapping 
effect may be related to impurities which are 
agglomerated at crystal defects. High temperature may 
induce diffusion of these impurities leading to two 
effects: (i) out-diffusion of impurities from regions with 
very high impurity concentration may be derived from 
the measurement, and (ii) impurities may diffuse 
towards crystal defects which were not decorated with 
these impurities to this extent before. 
 Bail et al. showed in [16] that silicon nitride 
passivation layers may be responsible for an increased 
apparent lifetime under low-injection conditions due to 
an induced inversion layer. This effect is known as 
Depletion Region Modulation DRM which has been 
published also for the case of p-n-junctions by Neuhaus 
et al. [17]. We measured the apparent lifetime of a 
sample made from the same material as in the 
experiments above under low injection (0.008 suns) 
before and after removal of the silicon nitride 
passivation layer (Fig. 5). The absolute measured 
lifetime is lower without SiN-layer which results from 
surface recombination effects or removal of a minor 

DRM effect on the full sample area, but the same 
prominent structures are visible. Thus, the modelled 
total trap density is not dominated by a DRM effect of 
the surface. 

 Figure 5: Lifetime measurement [μs] under low 
injection (0.008 suns) with SiN-passivation layer (a) and 
without surface passivation (b). 

5 CORRELATION OF TRAPPING IMAGE AND 
DIFFUSION LENGTH 

 CDI images of the material under test in this paper 
are dominated by trapping effects at very low injection. 
Trap images can therefore be obtained directly from one 
single measurement, if the quantitative calculation of the 
total trap density is not needed. The low-injection 
regime can easily be realised, if the wafer is not 
passivated. Due to high surface recombination the free 
excess carrier density is low at an illumination of 1 sun. 
Even for high-lifetime material the free excess carrier 
density n is typically below 3 · 1013 cm-3 (wafer 
thickness d  300 μm) at 1 sun. 
 Low-injection CDI trap images on as-cut material 
without any surface preparation have been compared to 
diffusion length measurements obtained with SR-LBIC 
on solar cells made from adjacent wafers. Trap image 
and diffusion length map have been compared at various 
positions. The trap image values have been plotted 
versus the diffusion length at these positions in Fig. 6. 
Examples taken from wafers cut from the bottom region 
of an ingot and from the middle part of an ingot are 
shown. 
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Figure 6: Correlation of trap image of as-cut wafer 
and Leff-map of finished solar cell for various points. 
Examples for bottom and centre region of ingot. 

Linear fits of this correlation yield a relation which 
can be used to calculate a spatially resolved prediction of 
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the diffusion length distribution of the solar cell, with 
emphasis on the limiting low-quality areas, directly from 
the trap image (Fig. 7). 

Figure 7: Prediction of Leff-distribution on finished 
solar cell for a given process from trap image on as-cut 
wafer.  

The prediction of diffusion length correlates well 
with the SR-LBIC measurement shown in Fig. 8. All 
regions with low diffusion length may be relocated in 
the trap image. The slightly increased measurement 
values in the SR-LBIC measurement on the left side of 
the cell are most likely due to measurement artefacts. 

Figure 8: SR-LBIC diffusion length (Leff) map of 
finished solar cell. 

 It has to be stressed that this kind of prediction may 
only be valid for a well defined process on comparable 
material since diffusion length significantly depends on 
various process parameters in a complex manner. 
Nevertheless, the analysis of trap images of as-cut 
material has a great potential to be a very valuable 
method to estimate the cell results from measurements 
of starting material. 

Figure 9: Trap image of wafer examined in Fig. 7 
composed of measurements with measurement time of 
approximately 280 ms, 1 s, and 9 min, from left to right.  
 Although the measurement time of the presented 
trap images was several minutes for the images 
presented in order to achieve high quality, good results 
can as well be obtained in one second, which is shown 
in Fig. 9. Measurement times of 280 ms, 1 s, and 9 min 
are compared for adjacent parts of the wafer shown in 
Fig. 7. The result with a measurement time of 280 ms 
already allows to distinguish areas of high and low trap 
density. The measurement with 1 s measurement time 
clearly shows detailed differences of trap density. 

6  CONCLUSION 

 Images of the total trap density from CDI/ILM 
measurements are presented. An influence of a high 
temperature treatment on the spatial distribution of traps 
is reported as well as a correlation of crystal defect 
density and trap density. A fast trap characterisation 
method is proposed which may be used to predict the 
diffusion length of the finished solar cell from a 
measurement on the as-cut wafer for a given cell 
process.  
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