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Silicon material quality parameters: 
bulk lifetime, dislocation density, 
resistivity
By the end of 2017 it is expected that boron-doped 
multicrystalline silicon (p-type mc-Si) wafers will 
have been used in more than 60% of the world’s 
manufactured solar cells [1]. Low-cost mc-Si can be 
crystallized in large ingots with high throughputs 
and with less oxygen built into the crystal than 
in the case of Czochralski-grown monocrystalline 
silicon (Cz-Si). However, mc-Si contains extended 
defects (mainly grain boundaries and dislocations) 
and a higher concentration of metal contaminants. 
These types of defect usually cause lower as-grown 
excess carrier lifetimes in mc-Si than in Cz-Si. Both 
Cz-Si and mc-Si can be affected by degradations of 
the excess carrier lifetime during module operation 
in the field [2,3], if defect formation processes are 
not regenerated or passivated [4,5].

With improvements in the emitter in standard 
cells, and with the passivated emitter and rear cell 
(PERC) being introduced into mass production, bulk 
recombination is becoming increasingly limiting 
to achievable cell efficiency [6,7], particularly when 
using p-type mc-Si wafers [8]. In much of today’s 
mc-Si material, the excess carrier lifetime is limited 
by dislocations that remain active in the final 
device, even after gettering and hydrogenation 
steps [9,10]. However, in recent years the dislocation 
density of mc-Si has been reduced through 
advanced engineering of the growth process and 
the control of the grain size, which (along with 
improved quartz crucible technology) have also 
improved bulk lifetimes. As an example, effective 
lifetimes exceeding 500µs at an injection level 
of 1015cm-3 have been measured on p-type mc-Si 
with surface passivation, after removal of the 
phosphorus-diffused layers on both sides [11].

A recent study confirmed that a significant 
proportion of the total variance in mc-Si PERC cell 
efficiency is due to bulk lifetime [12]. The question 
arises as to whether much of this variance can 
be predicted from the as-grown silicon material, 
noting that the Si material is altered during cell 
processing, for example by gettering and annealing 
during phosphorus diffusion and through hydrogen 
bulk passivation. A prediction of efficiency from 
the as-grown silicon material would be extremely 
valuable in terms of enabling further optimization 
of production (selective processing, sorting, 
optimization of the crystallization processes, etc.) 
and the identification of R&D priorities.

The three most important material quality 
metrics in mc-Si are:

1. Excess carrier bulk lifetime (for simplicity 
denoted ‘lifetime’ hereafter)

2. Dislocation area fraction

3. Resistivity

It should be stressed that all measurements of 
lifetime in this study relate to as-grown material 
and not to the effective or bulk lifetime of silicon 
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after solar cell processing. The dislocation area 
fraction can be measured accurately on as-cut 
wafers using PL imaging, while the resistivity can be 
measured with an eddy-current sensor. However, the 
bulk lifetime of as-cut wafers cannot be accurately 
determined from effective lifetime measurements, 
since the strong surface recombination causes 
an asymptotic relationship between the bulk and 
the effective lifetime for values above ~10µs [13]. 
However, bulk lifetime can be measured on bricks, 
since this material property is associated with a 
spectral shift in the PL emission spectrum [14]. 
Additionally, the resistivity can be readily measured 
on bricks. It should be noted that the dislocation 
area fraction across the surface of wafers is not very 
representative of dislocation area fractions on the 
side facets of bricks.

Measurements of dislocation area fractions 
on as-cut wafer have previously been used to 
fairly accurately predict cell performance [9]. This 
approach has worked particularly well for Al-BSF 
cells, as the performance of these cells is commonly 
not limited by the bulk lifetime or the respective 
diffusion length within the larger grains [8,15]. Thus, 
any variances in cell performance are primarily 
caused by extended defects, i.e. dislocations and 
grain boundaries, which act to significantly reduce 
the lifetime, carrier collection and implied voltage 
locally. The performance of mc-Si PERC solar 
cells has been predicted using this approach, but 
with larger absolute errors, however, because of 
the stronger influence of bulk lifetime [9]. To the 
authors’ knowledge, predictions of cell efficiencies 
based on lifetime measurements from PL imaging 
on bricks have not been published prior to this work. 
However, Gibaja et al. [16] studied quality metrics 
based on quasi-steady state photoconductance 
(QSSPC) measurements on ingots.

The study reported in this paper combines recent 
advances in ingot PL imaging achieved at UNSW 
and BT Imaging [17,18], with state-of-the-art high-
performance multi material and cell production 
at Trina Solar [11]. It is shown to what certainty 
variances in material properties, as measured in 
silicon bricks, can be used to predict cell performance. 
In particular, the specific material properties 
(lifetime, dislocation and resistivity) that have the 
strongest correlation to cell efficiencies in industrial 
production are investigated. This paper is an extract 
of the full paper published by Mitchell et al. [19].

Combining brick, wafer and cell 
metrology data
Three bricks with a large spread of values in bulk 
lifetime and dislocation area fractions were selected 
from the production line at Trina Solar. The bricks 
originated from different silicon ingots, giving three 
completely independent samples. Each brick was 
measured on all four side facets using BT Imaging’s 
LIS-B3 brick inspection tool [20], which utilizes the 
patented quantitative spectral photoluminescence 
intensity ratio analysis technique (sPLIR) [14]. In 
this method, steady-state bulk lifetime images are 
acquired using a line-scanning photoluminescence 
(PL) imaging system at an injection level that 
depends on the bulk lifetime, for example  
3×1013cm-3 at 1µs and 8×1013cm-3 at 500µs, which 
reflects the depth-weighted average bulk lifetime 
across the outer 1–3mm of the brick [14]. The sPLIR 
technique has been developed and refined over the 
last seven years by UNSW and BT Imaging, and 
defines a new standard for industrial metrology at 
the ingot level.

Height-dependent bulk lifetime measurements 
were made on all four facets of each of the bricks. 
These bulk lifetime profiles provide a single lifetime 
value for each wafer position (given as the distance 
from the bottom of the ingot) by appropriately 
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Figure 1. Bulk lifetime images of each of the four sides of three bricks, using the spectral 
PL intensity ratio analysis (sPLIR) [16]. The colour scale ranges from 0 to 300µs and is 
identical for all images. The weighted average injection level is in the range 1–8×10

13
cm

-3
, 

depending on the local lifetime. Each brick facet is approximately 156mm × 315mm in size.

“The sPLIR technique defines a new standard for 
industrial metrology at the ingot level.”
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averaging the bulk lifetime data over the four sides 
of the brick. In this study, an image resolution of 
320µm per pixel was used to assess the spatially 
resolved bulk lifetime, resulting in about 1000 data 
points along the height of the brick. In addition, 
resistivity measurements along the height profile 
were taken on all four sides of the bricks.

Fig. 1 outlines the significant spread in material 
quality that is present across the sampled bricks, 
with maximum intra-grain bulk lifetimes of up to 
120µs in B1, 250µs in B2 and almost 450µs in B3. The 
appearance of dark features in the bulk lifetime 
images also indicates that B1 has more dislocations 
than B2 and B3.

The three bricks were subsequently cropped, 
polished and sliced into wafers. The wafers were 
fully tracked, and every fifth wafer was processed 
into PERC solar cells at Trina Solar. The I–V 
parameters (Isc, Voc, FF, etc.) of the cells were 
measured using a production xenon flash lamp I–V 
tester. The I–V data was then matched with the 
brick and wafer metrology data as a function of 
brick number and height.

As-cut wafers were characterized using a BT 
Imaging QS-W3 wafer inspection tool, and a 
dislocation value was extracted for every wafer 
using the tool’s proprietary image processing 
algorithms (in a similar fashion to that described 
by Demant et al. [9]). The dislocation value is 
proportional to the area fraction of the dislocations 
in the wafers.

Between the sample sets, a wide spread of 
dislocation area fractions can be observed (see Fig. 
2). Brick B1 is found to have the most dislocations 
and the lowest lifetimes. This negative correlation 
between lifetime and dislocation area fraction is 
also observed in B2 and B3. Remarkably, a negligible 
dislocation area fraction is found throughout most 
of brick B3, which shows significant dislocations 
only in the top 20%.

Fig. 3 shows the height dependence of the 
profiles for bulk lifetime from PL measurements on 
bricks, the dislocation area fractions from wafer PL 
measurements, and the cell efficiencies (normalized 
to maximum efficiency). Similar trends for bulk 
lifetime, with a peak near the centre of the brick, 
are observed for all samples. The shapes of these 
profiles are a result of the dynamics of segregation 
and precipitation of transition metals, and the 
incorporation of light elements (O, C, N) and their 
silicides into the crystal [25,26] during solidification 
of the brick.

The dislocation profiles for bricks B2 and B3 
show the typical trend, with increasing area 
fractions towards the top of the brick, reflecting 
the increasing stress release during crystal growth. 
Brick B1, however, reveals a different dislocation 
profile, with a minimum at the centre of the 
brick; the reasons for this unusual observation 
are unknown to the authors. It is noted that the 
availability of a large sample set mainly from the 

bottom half of brick B3, which is virtually free of 
dislocations, provides a good set of data for the 
fitting of the model, with the intention of exploring 
the correlations between bulk lifetime and cell 
efficiencies, free of the potentially coupled variable 
that is represented by dislocations.

Cells produced from this experiment achieved 
maximum efficiencies well above 19%. The peak 
cell efficiencies are found in the bottom to middle 
height position of the bricks for B2 and B3, while 
B1 exhibits only small changes throughout the 
height profile, except at the very bottom and 
top. The efficiencies of B1 are determined to be 
approximately 3% lower than for both B2 and B3. 
Mean and peak efficiencies are similar for B2 and 
B3, despite the differences in as-grown lifetimes and 
dislocation area fractions.

Since there is a clear qualitative correlation 
between bulk lifetime and cell efficiency in Fig. 3, 
the cell efficiencies have been plotted as a function 
of bulk lifetime and are shown in Fig. 4. A linear 
fit was applied to the entire dataset (bricks 1–3) 
and a separate linear fit to only the dislocation-
free wafers from brick 3. Both fits have a positive 
gradient with a similar slope, indicating that 
areas with increased bulk lifetime in the bricks 
lead to higher cell efficiencies, as expected. The 
residuals have a significant spread around the 
fitted line, which indicates that predictions may 
not be very accurate at the individual wafer level. 
The residuals along the fitted line are more evenly 
spread for the dislocation-free wafers, whereas 
more significant outliers exist at low lifetimes 
when fitting to the entire dataset. These outliers 
are in the heavily dislocated wafers of brick 1. These 
results suggest that a simple linear correlation 
between cell efficiency and bulk lifetime from brick 
measurements is sufficient, although the presence 
of dislocations may complicate the analysis, since 
dislocations may impact cell efficiency by a second 

Figure 2. Dislocation structures for bricks 1–3, derived from PL imaging on as-cut wafers: 
typical raw PL images with defect overlay (blue) for the upper half (a) and the lower half 
(b) of each brick.

B1 B2 B3
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mechanism that is independent of the impact of 
dislocations on bulk lifetime.

The linear fit in Fig. 4 is in contrast to the 
simulated cell performance curves (i.e. cell bulk 
lifetime as a function of cell efficiency) for typical 
PERC solar cells, which are non-linear [27]. One 
important difference between Fig. 4 and typical 
simulated cell performance curves is the x axis, 
which is the as-grown bulk lifetime in Fig. 4, and 
cell bulk lifetime in the case of typical simulation 
curves. An improvement in the ‘real’ bulk lifetime 
is expected after cell processing because of the 
gettering effect of the diffusion process and the 
hydrogenation effect after firing with a silicon 
nitride layer; therefore, the as-grown bulk lifetime is 
not expected to follow the same correlation to cell 
efficiency as that for cell bulk lifetime. Respectable 
cell efficiencies are achieved even for very low-
quality sections of the brick (see Fig. 4), as a result 
of substantial improvements in bulk lifetime during 
cell processing.

A deeper understanding through 
statistical modelling
To further investigate the relationship between 
the measured material-quality variables and the 
I–V parameters of the fabricated PERC cells, a 
model was developed using the statistical analysis 

package R [21]. The cell’s 1-sun Isc × Voc product was 
selected as the designated response variable, since 
it was desired to focus the analysis on lifetime 
and dislocation predictors, and to avoid the strong 
dependence of efficiency on the FF, which in turn 
is highly dependent on the base resistivity and the 
metallization. A similar line of argument can be 
applied to other I–V parameters (e.g. Voc) [9,12]. Using 
the Isc × Voc product also significantly reduces the 
impact of processing-related variations, e.g. series 
resistance and shunt resistance.

A linear mixed model [22,23] is used to fit the 
relationship between the response variable Isc × Voc 
and the measured metrology data, with a normal 
distribution assumption, using the package ‘nlme’ 
in R [24]. This approach is used instead of an 
ordinary least-squares multiple linear-regression 
approach, since the response data, i.e. the solar cell’s 
Isc × Voc products, are clustered within bricks, and 
additionally a non-uniform within-brick correlation 
structure is expected. Hence these values cannot be 
regarded as independent of each other, especially if 
the wafers originate from an approximately similar 
location within the same brick.

Three models for various types of relationship 
(lifetime only, dislocation metric from wafer 
measurements only, and a combination of the two) 
were used to fit the data. Each model included a 
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‘random effect’ term for the bricks in order to allow 
the adjustment of the response ‘baseline’ for each 
brick. The combined model, for example, includes 
the bulk lifetime value and the wafer dislocation 
values, each with a single fitting parameter. A 
correlated random error term is included to account 
for the correlation between neighbouring wafers 
due to their physically sequential arrangement 
within the bricks. The model equation is:

= 0 + 1 , + 2 , + + ,    (1)

where

yi, j =  observed value of the response variable for 
observation j in brick i (i = 1, 2, 3);

τi, j =  harmonic mean of the observed bulk lifetime 
value;

δi, j =  dislocation value;
bi =  random effect for brick i, assumed to be 

normally distributed with zero mean and 
variance ;

ei, j =  random error, assumed to be normally 
distributed with zero mean and variance ;

β0 =  overall intercept;
β1, β2 =  the fitted parameters.

Before using the linear mixed models, each data 
point was normalized by subtracting the global 

arithmetic mean and dividing by the global standard 
deviation for each of the data streams: τ, δ and  
Isc × Voc. The resulting units of the data points used 
in the fitting can be thought of as the number of 
standard deviations from the mean, where the mean 

Figure 4. Correlation of cell efficiency, normalized to the highest-efficiency cell, and the 
harmonically averaged as-grown bulk lifetimes across the full sample set (red empty 
circles) and across the dislocation-free bottom half of brick B3 (blue filled circles). The 
shaded area is the standard error of the regression. Note that the bulk lifetime for the 
cell after processing is not known.
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Figure 3. As-grown bulk lifetime from brick measurements, dislocation area fractions from wafer measurements, and PERC cell efficiencies along 
the height profile for bricks B1, B2 and B3. Lifetime data is represented by the harmonic mean from all pixels at a given height using Equation 1, at 
an injection level of 1–8×10

13
cm

-3
, depending on the lifetime. The efficiency data is globally normalized to allow for comparisons between the three 

bricks, and a smoothed (polynomial fit?) curve is shown in the graphs. The spread of the data around the smoothed curve indicates the influence of 
the variability in cell processing and I–V measurements on the results.
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is zero. This practice allows a fair comparison to be 
made between model equations and information, as 
presented graphically.

Three separate models are used here to 
investigate the influence of various measured 
variables on the measured response variable  
Isc × Voc (see Equation 1); the specific variables 
are the lifetimes measured on the bricks, and the 
dislocation area fractions measured on the wafers.

First, the influence of lifetime alone is investigated, 
followed by the influence of the dislocation area 
fraction, as measured on the wafers. Finally, the 
models are compared using the two variables in 
additive combination. The model is a linear mixed-
effects model, with a normal distribution assumption, 
fitted with the restricted maximum likelihood 
(REML) algorithm. Because of the spatially sequential 

arrangement of wafers in each brick, an appropriate 
correlation structure has been fitted to the model 
errors ei, j. The correlation structure with the best fit 
(judged by likelihood ratio tests) is one which decays 
exponentially with the distance between the wafers. 
The same correlation structure is incorporated into 
all three models. Note that a standard linear model 
which neglects the correlation within the bricks and 
the random effect term resulted in similar best fits.

Graphs useful for assessing the assumptions in 
the models and for gauging the predictive ability of 
the fitted models are shown for each of the three 
models in Fig. 5. The plots of actual values vs. fitted 
curves allow the assumption of homoscedasticity 
(homogeneity of variance) to be assessed. This 
requirement appears to be satisfied for all three 
models. This is supported by Fig. 3, which shows that 
significant process-induced variance is observed, 
but appears uniformly spread across the data. The 
quantile–quantile (Q–Q) plots in Fig. 5 demonstrate 
the degree to which a normal distribution 
assumption holds; this appears to be satisfied by all 
three fitted datasets, which inspires confidence in 
drawing conclusions from these fitted datasets.

Figure 5. Residuals, Q–Q plots and fitted vs. observed values for three models: lifetime only (left), wafer dislocation only (centre), and lifetime with 
wafer dislocation (right). All values are standardized, i.e. the axis values show unitless multiples of standard deviation above or below the respective 
mean values.

Residuals

Q–Q plot

Fit
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“Respectable cell efficiencies are achieved even for 
very low-quality sections of the brick, as a result of 
substantial improvements in bulk lifetime during cell 
processing.”

Ingot lifetime                               Wafer dislocation      Ingot lifetime and wafer dislocation
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From Table 1, the combined model (Model 3) 
is the preferred model, because it has the lowest 
Akaike information criterion (AIC) value compared 
with each of the single-predictor models. The AIC 
value measures the relative quality of each model 
for comparison purposes.

In Fig. 5 the data is gathered more tightly 
around the fitted line for Model 3 throughout the 
whole range. The results show that the correlation 
between lifetime and solar cell output parameter  
Isc × Voc is statistically significant. However, for the 
model with lifetime only (Model 1) there is a ‘tail’ 
of sample values that are not well fitted by the 
model: these samples originate largely from the very 
bottom of the bricks.

It was found that the model that uses solely the 
variation of dislocation area fraction as measured 
on wafers provides a better fit than the model 
that relies on lifetime alone for this sample set. 
The model using dislocation as the only variable 
has smaller AIC and RMSE values than in the case 
of the model based on brick lifetime (see Table 
1). However, in the bottom section of bricks B2 
and B3, where the wafers are virtually dislocation 
free, the dislocation metric cannot be used to fit 
changes in Isc × Voc. In this section of the brick, 
lifetime is the dominant metric. Unsurprisingly, 
the combined parameter model also proves to be a 
better model than both the models that rely on a 
single variable. This modelling demonstrates that 
lifetime has a significant influence on efficiency 
when used together with the dislocation 
information from the wafer measurements. With 
increasing improvements in wafer quality in 
terms of dislocation densities, and with increasing 
cell efficiencies, it is expected that, practically 
speaking, bulk lifetime will play an increasingly 
significant role in determining cell performance.

The modelling results indicate that lifetime 
and dislocation are partially correlated with each 
other, since Model 3 still has a lower AIC value 
than either Model 1 or Model 2.

Conclusions and final remarks
As-grown bulk lifetimes derived from sPLIR 
measurements on mc-Si bricks have been found 
to have a statistically significant correlation 
with the performance, i.e. the Isc × Voc product 

or the efficiency, in mc-Si PERC solar cells. For 
dislocation-free material, a good fit to a linear 
correlation between the as-grown bulk lifetime 
and the Isc × Voc product is found.

Models based on fitting the dislocation metrics 
derived from PL images measured on as-cut wafers 
remain more statistically significant across the 
sample set studied here. However, with further 
reductions in the variability of dislocation area 
fractions of mc-Si, as-grown bulk lifetime will 
become more relevant; this is a global industry 
trend and is demonstrated in bricks 2 and 3 in this 
study. Quantitative brick inspection, in particular 
the bulk lifetime analysis based on sPLIR, will 
therefore play an important role for routine 
quality-control inspection in production, and for 
faster and more efficient process feedback in R&D.

In the short term, sPLIR can be used to select 
the best high-bulk-lifetime and low-dislocation 
silicon for high-efficiency lines. The unselected 
material can be sent to Al-BSF cell lines with 
very little negative impact on these lines, since 
this older cell process is less sensitive, especially 
to bulk lifetime. For manufacturers the cost of 
adding sPLIR for brick inspection would probably 
be more than offset by the gains in cell efficiencies 
in high-efficiency PERC lines. Additionally, the 
spatially resolved sPLIR results yield direct and 
detailed feedback for optimizing ingot growth 
parameters over solidification time. And as more-
advanced mc-Si solidification processes become 
more widespread, the situation may arise where 
dislocations are so controlled that bulk lifetime, as 
measured on bricks, will be the only measurable 
material-related metric that impacts cell efficiency, 
and hence will be the primary metric for quality 
control and efficiency sorting. Importantly, 
the relevant lifetime range, with bulk lifetimes 
exceeding 100µs or even in the millisecond range, 
is not measurable using microwave-detected 
photoconductance decay (PCD)-based tools, which 
report effective lifetimes only.

Variables Ingot lifetime Wafer dislocations Ingot lifetime and wafer dislocations

Model number 1 2 3

AIC 813 773 752

P-value (fixed effects) <0.001 <0.001 <0.001 (both)

Model 1 vs. Model 3   <0.001

Model 2 vs. Model 3   <0.001

RMSE 0.80 0.66 0.61

Table 1. Akaike information criterion, p-values and root mean square error for the set of three models. Note that the RMSE value contains significant 
process-induced variance.

“sPLIR can be used to select the best high-bulk-
lifetime and low-dislocation silicon for high-
efficiency lines.”
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