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Aurora Solar Technologies 
•  Mission – Deliver superior results to the PV industry 

through measurement and control of critical 
processes 

•  Product line for measurement, visualization, and 
control of Si PV cell fabrication processes 

§  DecimaTM inline sheet resistance measurement 
systems 

•  p+, n+, n++/n, bifacial doped layers measured to 6σ 
standards in real time 

•  Discrete mapping of sheet resistance across wafer surfaces 

§  Aurora VeritasTM production controller  

•  Immediate “MRI”-like spatial view of process tool performance 
using Decima measurements 

•  Networked to all Decimas for integrated measurement and 
control 

•  Proven with top-tier solar manufacturers and 
process equipment vendors worldwide 

Aurora headquarters: Vancouver, Canada 

Aurora Technology in c-Si Cell Production 
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•  Faster, more precise line commissioning 

•  Data to support continuous improvement 
of the line 

•  Data to support device design 
improvement 

•  Best possible quality control 

•  Evaluation and cost control of raw 
material supply 

Increasingly important with higher-
e∞ciency cell designs 

Inline measurements provide vital 
information and insights  

Example: inline bifacial cell measurement 
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•  Behaviour as 
shown here is not 
uncommon … 

• … hence sparsely 
sampled 
measurements 
hide useful 
information 

• How can we reveal 
the true variations 
and their 
significance? 

Process tool behaviour is the key 

Two emitter sheet resistance profiles, showing 
significant non-uniformity along quartz tubes 
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•  See what the process 
tools are doing 

 

•  Spatial variation 
•  Intra-wafer 

•  Tubes or lanes 

•  Tool-by-tool 

•  Time variation   
(batch-to-batch) 

Understanding process variation 

Three successive batches from “horizontal” furnace tube. Colors indicate 
emitter sheet resistances for each wafer compared to the SPC targets  

 Confidential 
 

 
Figure 4: Tube 4 Furnace 104 Run 3 

 
After looking at Furnace 104, we proceeded to analyse diffusion batches from Furnaces 105 and 
109 which are also atmospheric furnaces.  For Furnaces 105 and 109, the diffusion patterns 
were very similar to Furnace 104, with a gradient from gas end to load end and a step change at 
the center of tube.  The wafers also have high sheet resistance in the center of the wafer and low 
sheet resistance at the edges.   
 
 

 

 
Figure 5: Tube 2 Furnace 105 Run 1 

 

Wafer edge-to-edge              
emitter sheet 
resistance 
measurements     
along furnace tube 

Rsheet 

Boat position 
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Measurement Technique 

•  Non-contact IR reflection and transmission 

sensing 

•  Mid-IR light is directed at the sample and the 

reflection and transmission are captured 

•  Magnitude of these signals is proportional to 

free carrier density 

•  Correlated to 4pp sheet resistance 

•  Benefits: 

•  Can be spatially resolved 

•  No junction required for doped layer    

sensing - separation of BSF from wafer bulk 

•  Insensitive to surface electrical properties 

•  Tolerant to production facility “noise” 
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•  IR reflection (λ > 1.1 µm) depends on free carrier 
concentration and mobility 

  

•  At normal incidence the reflection from silicon in air is 

•  This is related to the dielectric function by  

•  Dielectric function depends on doping; therefore, variations in 
doping levels of the emitter lead to wavelength dependent 
variation in reflection from the surface, as shown below:  

Scientific basis 

of the charge neutrality equations within 3% in the temperature
range of 250–400 K !32".

Using the values for carrier concentration and resistivity, the
optical constants of heavily doped Si can be calculated using the
Drude model. Figure 4 shows the calculated refractive index and
extinction coefficients of p-type Si for different doping concentra-
tions. The optical constants of n-type Si show similar trends as
those of p-type Si, and hence, have not been plotted. From Fig.
4#a$, it can be seen that the refractive index of 1!1018 cm−3

doped Si remains constant in the spectral range from 2 "m to
20 "m. However, at higher doping concentrations, due to the
greater number of free carriers, the refractive index initially de-
creases from that for 1!1018 cm−3, attains a minimum, and then
increases again. From Fig. 4#b$, it is observed that an order of
magnitude increase in the doping concentration of Si results in a
tenfold increase in the extinction coefficient for the different
doped samples. With increasing doping concentrations, the extinc-
tion coefficients become comparable to the refractive index, espe-
cially at longer wavelengths, which results in increased metallic
behavior of the doped Si samples. Also, as the doping concentra-
tion increases, the location of the minimum in the refractive indi-
ces shifts to shorter wavelengths, and is close to the plasma fre-
quency, as seen in Fig. 4#a$. As the frequency increases towards
the plasma frequency, the real part of the dielectric function be-
comes negative, which implies that the extinction coefficient be-
comes greater than the refractive index. Hence, due to the strong
dependence of the optical constants of doped Si on the carrier

concentrations, care must be taken while selecting the accurate
ionization model for predicting the degree of ionization.

3 Sample Preparation and Characterization
Ion implantation is a standard technique being used in the Si

microelectronics industry for introducing dopants into Si wafers
due to its more precise control and lower processing temperature,
as compared with diffusion !3". In the present study, lightly doped
#1015 cm−3$ Si wafers #400 "m thick$ were ion-implanted by a
commercial vendor, using 70 keV boron and 160 keV phosphorus
atoms, with dosage of 6.4!1014 cm−2 and 6.4!1015 cm−2, re-
spectively. These dosages correspond to as-implanted peak doping
concentrations of 1.0!1020 cm−3 and 1.0!1021 cm−3, respec-
tively, at a depth of approximately 300 nm from the surface. To
activate the implanted ions, subsequent annealing is required at
appropriate combinations of time and temperature !36".

Rapid thermal annealing was selected in order to prevent sub-
stantial dopant diffusion into the sample. Before annealing, the
doped Si wafers were diced into 25!25 mm2 samples, and a
500-nm thick silicon dioxide layer was deposited on the wafers
using low-pressure chemical vapor deposition at 300°C, in order
to prevent out-diffusion of boron and phosphorus ions during an-
nealing. Different temperatures were selected for studying the in-
fluence of temperature on activation of the implanted ions. The
p-type wafers were annealed at 850°C, 950°C, and 1100°C for
60 s, while the n-type wafers were annealed at 850°C, 950°C,
and 1050°C for 60 s in vacuum. The annealing temperature and
time are similar to those in Refs. !3,37,38". The ramp time re-
quired to attain the annealing temperature was set to 10 s, consis-
tent with the furnace specifications. The wafers were allowed to
cool below 100°C before being taken out of the annealing cham-
ber. The temperature of the wafers was constantly monitored us-
ing thermocouples. After annealing, the deposited oxide layer was
etched away using dilute hydrofluoric acid.

Transmittance and reflectance for the doped Si samples were
measured by a commercial FTIR spectrometer, equipped with a
globar source and a pyroelectric detector !39". The spectra were
measured at room temperature with a spectral resolution of
4 cm−1 in the spectral range from 500 cm−1 to 5000 cm−1. For
the transmittance measurements, the sample holder with an aper-
ture of 6 mm in diameter limits the beam diameter on the sample.
The spectrometer and sample compartment were purged with N2
gas for about 30 min to reduce the absorption by water vapor and
CO2 molecules in air. An average of over 64 scans was used. The
uncertainty was estimated to be 0.01 with 95% confidence level
!39". Reflectance was measured at an incidence angle of 10 deg,
using a specular reflectance accessory with an Au mirror as the
reference. The reflectance of the Au mirror was calculated using
the tabulated optical constants !40". The measurement equation
for the sample reflectance Rs##$ is

Rs##$ =
Vs##$ − Vb##$

VAu##$ − Vb##$
RAu##$ #5$

RAu##$ is the reflectance of the gold mirror, and Vs##$, VAu##$,
and Vb##$ are the reflected signals from the sample, gold mirror,
and backside of the sample holder, respectively. The sample
holder has a hole, which is smaller than the beam diameter. As a
result, part of the beam is reflected back from the sample holder
for measurements of both the sample and the reference. The re-
flectance from the backside of the holder was measured by remov-
ing the samples, and is always less than 0.02. The overall uncer-
tainty for reflectance measurements was estimated to be 0.02 with
95% confidence level, taking into account the instrument effects
#such as beam divergence and alignment error$, Au mirror reflec-
tance, and repeatability of measurements.

Figure 5 compares the transmittance of both p- and n-type Si
wafers when annealed to different temperatures. Without anneal-
ing, both the p- and n-type as-implanted samples behave like

Fig. 4 Optical constants of p-type silicon for different doping
concentrations calculated using the Drude model, including ac-
curate values of carrier mobility and ionization: „a… refractive
index, and „b… extinction coefficient. The legends are the same
for both figures.
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Abstract  — To reduce variations in finished PV cells, certain 
wafer properties must be measured during production and put 
into a context that visualizes process tool behaviour. This allows 
process optimization and control. One such property, emitter 
sheet resistance, can reveal variations in diffusion and annealing 
processes in the context of the furnaces, allowing operators and 
process engineers greater capability to optimize process recipes, 
detect and identify faults, discover process trends and control 
batch-to-batch variations. A new method for rapid, spatially-
resolved non-contact inline measurement of emitter sheet 
resistance is Infrared Reflectometry (IRR). In this paper, we 
describe the principles and development of a practical IRR 
measurement system and then place this in a quantitative 
framework defining the important wafer properties for 
controlling product variation, with results and applications 
showing how sub-optimal process behaviour can be detected 
and corrected. 

I. INTRODUCTION 

Continuous inline measurement of wafer properties during 
PV cell manufacturing provides quantitative data that can be 
used to control the quality of finished goods and achieve high 
yields of the most profitable goods. This paper describes a 
recently introduced inline measurement method and its 
applications for process visualization and analysis. It also 
describes how this method and others can be used in the 
implementation of a cost-effective system for process 
control. 

The measurement method described here is Infrared 
Reflectometry (IRR), used for inline emitter dopant 
measurement (effectively sheet resistance) monitoring. In 
IRR, physical properties of a sample are rapidly extracted 
from the spectrum of reflected IR radiation. IRR 
measurement is by its nature non-destructive, contactless and 
rapid, limited only by the speed of the measurement device’s 
electronics and signal processing implementation. It can be 
spatially resolved on a wafer and is tolerant to production 
facility “noise” and impairments such as variations in light, 
standoff distance and surface electrical properties. 
Additionally, IRR does not require a junction to measure a 
doped layer in a wafer – a critical characteristic for 
measurement of doped back surface fields. 

For IRR and other inline measurements to be useful and 
cost-effective, they must be focused on the most significant 
wafer properties and be provided in a context that provides 
process engineers and operators with “actionable” 

information. The significant wafer properties are those whose 
variations have the greatest effect on the finished cell’s I-V 
parameters. They are termed Critical-To-Quality (CTQ) 
properties.  

 In the case of IRR, the actionable context is the 
monitoring and visualization of variations in the emitter sheet 
resistance observed in quartz tube furnaces - in space (along a 
tube and across wafer surfaces) and time (from batch to 
batch). Field observations have shown the value of these 
visualizations even for simple cell designs. This information 
can be used for real-time process control and for ongoing 
process and recipe optimization.  

II. INFRARED REFLECTOMETRY FOR INLINE DOPANT 
MEASUREMENT 

A. Principles and attributes 

In heavily doped crystalline silicon, the absorption, 
transmission and reflection of IR light with wavelength λ > 
1.1µm depends on the concentration and mobility of free 
carriers, which is a function of the doping concentration.  

As a consequence of this property, variations in the doping 
levels of the emitter lead to wavelength dependent variations 
in reflection from the surface. This dependency has been 
shown in the literature [1,2] and by experimentation as 
illustrated in Figure 1, showing a strong correlation between 
doping levels and reflection of IR signals with wavelengths 
over 1.1 µm. 

        
Figure 1 – Spectrally resolved IR reflection from four PV wafers 
with diffused emitters. Samples were measured on a Thermo-
Nicolet 8700 FTIR. Figure reproduced from [3]. 
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Applied to measuring doped layers in Si 

•  IR complex refractive index (n and κ) 

of IR varies by dopant concentration 

N and wavelength λ 
 

•  Therefore, use of certain mid-IR 

bands allow resolution of highly-

doped layers near the top and 

bottom wafer  surfaces 

•  Because polarity of the doped layers 

does not matter the BSF dopant 

concentration can be isolated in an 

n++/n or p++/p  BSF/bulk structure 

Emitter 

BSF 

Bulk •  Longerλ 

•  Higherκ as f(λ) 

•  Shorterλ 

•  Lessκ as f(λ) 

•  nmin shifts as f(λ) 

Simplified view 
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Challenge Solution 

Varying light 

capture due to 

surface roughness 

variations  

Optical geometry to direct 

and consistently collect 

light 

Varying light 

trapping due to 

surface roughness 

variations 

Proprietary signal 

processing to separate 

surface reflection variation 

from free carrier reflection 

 

Repeatability for 

spatial resolution 

across wafers 

High-precision wafer edge 

and position tracking 

Getting from theory to practice 
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Results 

•  nPERT 
•  R2 (front):  0.89 
•  R2 (rear):  0.96 
•  Accuracy: σ< 1.5 ohms/sq 
•  Repeatability: σ≅ 0.7 ohm/sq 

 

•  BiSoN 
•  R2 (front):  0.97 
•  R2 (rear):  0.91 
•  Accuracy: σ< 2 ohms/sq 
•  Repeatability: σ< 1 ohm/sq 

Isolation of BSF sheet 

resistance from bulk resistance 
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Experience to date 
•  Taiwan 

•  Four systems (three inline, one standalone) since 2015 

•  Wafer and process mapping for mono-PERC production 

•  Used in process tool profiling, ramp-up and for continuous quality control 

•  Korea 

•  Fourteen systems for mono-PERC production since 2016.  

•  Six dual-sensor systems for bifacial production since 2016 

•  Used for continuous quality control and wafer accept/reject binning 

•  Europe 

•  Dual-sensor qualification for BiSoN measurement – 2017 

•  Sequential single-sensor qualification for nPERT wafers – 2015 

•  One system with wafer and process mapping for implanted mono and multi production since 2015 

•  Used for continuous quality control 

•  China 

•  Standalone system integrated in wafer transfer station  

•  Used for emitter – metal paste optimization 

•  China (soon) 

•  Four systems with wafer and process mapping and both single and dual sensors for bifacial production 

•  To be used in ramp-up and continuous quality control 
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Thank you 

Contact information 

 

Gordon Deans, COO 

gdeans@aurorasolartech.com 

+1 778 908 4110 
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Backup slides 
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Aurora installations worldwide 

Installed in PV cell production (customers) 

Research (own/collaborative) 

Aurora HQ,  
Vancouver Canada 
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What happens when you control process 
variations and optimize set-points  

5.1. Summary of Progress

Figure 5.2 illustrates the observed reduction of unit process variation in the years 2006
to 2008, characterized by those unit process outputs which were regularly measured1.
Although the numbers in figure 5.2 are a✏icted with the inaccuracy of being samples,
and the results are of course due to the work of many people at Q-Cells (foremost the
department of Line Optimization), the overall trend can be judged as a success of the
structured optimization procedure applied in production line Q4.

Overall the implementation of the structured engineering methodology led to an acceler-
ation in the learning curve of production line Q4. This can be documented by comparing
the progress in cell conversion e�ciency between line Q3 and Q4. Figure 5.3 shows a
clearly faster and more e↵ective improvement for line Q4, despite the large scatter of
daily average values (which is mainly caused by wafer material variation).
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Figure 5.3.: Comparison of e�ciency development in production lines Q3 and Q4. In line
Q4 the implementation of the structured methodology led to an acceleration
of improvement (the values shown are daily production averages relative to the
average of January 2007 (complete production, only multicrystalline cells)).

The highest potential for further improvement of Eta was found to be in the wafer material

1 In the case of etch loss and paste deposit, the entirety of the manual measurements were
evaluated, for RSheet and SiNx thickness arbitrary chosen samples were used (respectively
several days of measurement), because of the vast amount of data. The realization as in-line
measurements led to ca. 120.000 values per day for SiNx and ca. 6.000 values per day for
RSheet. This data was only partly archived, so a complete analysis is not possible.

137

E≠ect of quality and variance control program at top-tier manufacturer. Blue 

indicates production line where program implemented, orange is regular 

production. 

 

Source: “Integrated E∞ciency Engineering in Solar Cell Mass Production “, Ph.D. 

Thesis, Thomas Dinkel, Jacobs University School of Engineering and Science, May 

2010 

 

•  Variation in cell e∞ciency 

is reduced 

•  Manufacturing yield      

(in terms of MW) is 

increased 

•  Corollary: bin distribution 

narrowed 

•  To this day, continuous 

inline  measurement is a 

key tool for yield 

management at quality-

focused manufacturers 
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