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SUMMARY: 27 
This protocol describes how to install an infrared camera into a conveyor belt furnace, conduct a 28 
customer correction of a factory calibrated IR camera, and evaluate the spatial surface 29 
temperature distribution of an object of interest. The example objects are industrial silicon solar 30 
cells.  31 
 32 
ABSTRACT: 33 
Measuring the surface temperature of objects that are processed in conveyor belt furnaces is an 34 
important tool in process control and quality assurance. Currently, the surface temperature of 35 
objects processed in conveyor belt furnaces is typically measured via thermocouples. However, 36 
infrared (IR) thermography presents multiple advantages compared to thermocouple 37 
measurements, as it is a contactless, real-time, and spatially resolved method. Here, as a 38 
representative proof-of-concept example, an inline thermography system is successfully installed 39 
into an IR lamp powered solar firing furnace, which is used for the contact firing process of 40 
industrial Si solar cells. This protocol describes how to install an IR camera into a conveyor belt 41 
furnace, conduct a customer correction of a factory calibrated IR camera, and perform the 42 
evaluation of spatial surface temperature distribution on a target object. 43 
 44 
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INTRODUCTION: 45 
Process control and quality assurance of objects processed in conveyor belt furnaces1 is 46 
important and accomplished by measuring the surface temperature of the object. Currently, the 47 
temperature is typically measured by a thermocouple1. As thermocouple measurements require 48 
contact with the object, thermocouples inevitably damage the object. Therefore, it is common 49 
to choose representative samples of a batch for temperature measurements, which are not 50 
further processed since they become damaged. The measured temperatures of these damaged 51 
objects are then generalized to the remaining samples from the batch, which are further 52 
processed. Accordingly, production must be interrupted for thermocouple measurements. 53 
Furthermore, the contact is local, needs to be readjusted after each measurement, and 54 
influences the local temperature, which makes these measurements time-intensive.  55 
 56 
Infrared (IR) thermography2 has a number of advantages over classic thermocouple 57 
measurements and represents a contactless, in-situ, real-time, time-saving, and spatially 58 
resolved temperature measurement method. Using this method, each sample of the batch, 59 
including those that are further processed, can be measured without interrupting production. In 60 
addition, the surface temperature distribution can be measured, which provides insight into 61 
temperature homogeneity during the process. The real-time feature allows correction of 62 
temperature settings on-the-fly. So far, the possible reasons for not using IR thermography in 63 
conveyor belt furnaces are 1) unknown optical parameters of hot objects (especially for 64 
nonmetals3) and 2) parasitic environmental radiation in the furnace (i.e., reflected radiation 65 
detected by the IR camera in addition to the emitted radiation from the object), which leads to 66 
false temperature output2.  67 
 68 
Here, as a representative proof-of-concept example of IR thermography in a conveyor belt 69 
furnace, we successfully install an inline thermography system into an IR lamp powered solar 70 
firing furnace (Figure 1), which is used during the contact firing process of industrial Si solar cells 71 
(Figure 2A,B)4,5. The firing process is a crucial step at the end of industrial solar cell production6. 72 
During this step, the contacts of the cell are formed7,8, and surface passivation is activated9. To 73 
successfully achieve the latter, the time-temperature profile during the firing process (Figure 2C) 74 
must be accurately realized. Therefore, sufficient and efficient temperature control is required. 75 
This protocol describes how to install an IR camera into a conveyor belt furnace, conduct a 76 
customer correction of a factory calibrated IR camera, and evaluate the spatial surface 77 
temperature distribution of a target object. 78 
 79 
PROTOCOL: 80 
 81 
1. Installation of IR camera into a conveyor belt furnace  82 
 83 
1.1. Decide which part of the furnace should be measured by the IR camera. 84 
 85 
NOTE: Here, the peak zone of the firing process is chosen (see the orange highlighted zone in the 86 
firing area of Figure 1A, which is zoomed in in Figure 1B).  87 
 88 



   

1.2. Define the temperature range of interest that the IR camera should detect (e.g.,  89 
700−900 °C, the typical peak temperature range of the firing process).  90 
 91 
1.3. Determine, or at least estimate (through experiments or literature), the temperature and 92 
spectral and angular dependent emissions of the object(s) of interest (e.g., silicon solar cell) to 93 
identify the wavelength range(s) of highest emission for the temperature range of interest (under 94 
a specific camera angle).  95 
 96 
NOTE: Here, the emission is estimated based on previous literature3 and a software called 97 
RadPro10, which calculates the spectral, angular, and temperature-dependent emissivity for 98 
certain materials (i.e., Si and Al layers).  99 
 100 
1.4. Deciding on the IR camera type 101 
 102 
NOTE: Here, a midwave infrared (MWIR) indium antimonide (InSb) camera (Table of Materials) 103 
is used. 104 
 105 
1.4.1. Choose a camera that can detect the temperature range of interest.  106 
 107 
1.4.2. Select a camera whose detection wavelength range matches the wavelength range of 108 
highest emission of the object of interest in the temperature range of interest. 109 
 110 
1.4.3. Avoid as much parasitic radiation detection by the camera as possible by avoiding objects 111 
that emit or reflect radiation into the camera field of view (e.g., IR lamps in a furnace).   112 
 113 
1.4.4. Decide on the necessary spatial and temporal resolution of the camera (e.g., 640 px x 512 114 
px and 125 Hz [full image] for the used camera here).  115 
 116 
1.5. Realize a sufficient optical path from the IR camera to object (see Figure 1B). 117 
 118 
1.5.1. Avoid disturbing objects in the optical path (e.g., IR lamps causing direct or reflected light). 119 
 120 
1.5.2. Position the camera outside of the furnace chamber, if possible. 121 
 122 
NOTE: Most cameras have low operating temperatures (e.g., up to 50 °C). Make sure in advance 123 
that the camera position can be changed, if desired. 124 
 125 
1.5.3. Remove the furnace wall and isolation at the location where the optical path should be 126 
and replace the hole with an insulating IR window.  127 
 128 
1.5.3.1. Choose the appropriate material for the window that meets the following demands: 1) 129 
as transparent as possible for the detection wavelength (λ) range of the camera (e.g., quartz glass 130 
window for ~0.2 µm < λ < 3 µm, sapphire window for ~0.4 µm < λ < 4.2 µm) and 2) able to isolate 131 
the furnace chamber thermally. 132 



   

 133 
NOTE: The resulting temperatures of the window may influence the window transmission. 134 
 135 
1.5.3.2. Avoid damage of the IR window. Do not tighten the window into a structure, which helps 136 
to avoid overpressure during material expansion. 137 
 138 
NOTE: The window material should have a sufficient amount of space to expand when heated 139 
up. 140 
  141 
1.6. Check the resulting field of view (FOV) of the IR camera by examining the thermography 142 
image via the IR camera software. Identify the targeted object and its temperature in the 143 
thermography image. Adjust the FOV, if necessary. 144 
  145 
2. Uniform customer temperature correction of a fabrication calibrated IR camera 146 
 147 
CAUTION: The fabrication of the IR camera is assumed to include a radiometric calibration.  148 
 149 
2.1. Spot local optical artifacts, such as reflection and background radiation. 150 
 151 
2.2. Conduct classic thermocouple measurements of the object while simultaneously recording 152 
the wafer including thermocouple with the IR camera. 153 
 154 
2.2.1. Check the validity of the used thermocouples. Search for known characteristic temperature 155 
points in the temperature profile of the processed object that can be clearly visibly detected (e.g., 156 
disruption in a smooth line). If the thermocouple measures these temperature points correctly, 157 
the thermocouple is most likely correctly calibrated. 158 
 159 
2.2.2. Example using silicon solar cells  160 
 161 
2.2.2.1. Place the thermocouple on the rear aluminum side of the wafer. Take a temperature 162 
profile for a standard firing process11. 163 
 164 
2.2.2.2. Validate the thermocouples by determining whether there is a disruption in the 165 
temperature profile from step 2.2.2.1 around the Al-Si eutectic temperature of 577 °C in the form 166 
of a flatter curve (as is the case in Figure 2D). 167 
 168 
NOTE: If the disruption occurs at the temperature around 577 °C, it is a sign that the temperature 169 
measurement by the thermocouple is accurate. Use only validated thermocouples for the 170 
following steps.  171 
 172 
2.2.3. Conduct thermocouple measurements in the temperature range of interest at the same 173 
object spot (multiple times for statistical reasons), then at spatially various random spots (for 174 
statistical reasons) to obtain time-temperature profiles. 175 
 176 



   

2.3. Determine the local uncorrected thermography object temperature underneath the 177 
thermocouples from the thermocouple measurements from step 2.2.3.  178 
 179 
2.3.1. Check for a possible local temperature drop around the contacting thermocouple (due to 180 
heat dissipation and shading). Assume the temperature in the vicinity of the thermocouple as the 181 
object temperature directly under the thermocouple, if a local temperature drop is not present. 182 
 183 
2.3.2. Perform the following steps if a local temperature drop is present. 184 
 185 
2.3.2.1. Determine the spatial temperature gradient of the present temperature drop in the part 186 
that is not covered by the thermocouple. 187 
 188 
NOTE: It is recommended to determine the gradient at multiple spots around the temperature 189 
drop (radially) and form an average gradient. 190 
 191 
2.3.2.2. Estimate the contribution of possible optical artifacts induced by the thermocouple 192 
(example protocol for a case in which homogenous temperature along the cell depth direction is 193 
assumed, such as in Si solar cells). 194 
 195 
2.3.2.2.1. Place the thermocouple on the surface opposite to the measured surface and repeat 196 
the thermocouple and thermography measurement in this configuration (as shown in Figure 3A). 197 
Turn the object, including the thermocouple, around so that the thermocouple is not in the 198 
optical path between the camera and object. 199 
 200 
NOTE: If the gradient of the local temperature drop is the same for the thermocouple being inside 201 
and outside of the optical path (i.e., attached to the measured or opposite surface), it is a sign 202 
that the thermocouple most likely does not induce optical artifacts. 203 
 204 
2.3.2.2.2. Extrapolate the gradient of the temperature drop in the case of the thermocouple 205 
contacting the measured surface (i.e., inside optical path) to the area covered by the 206 
thermocouple to obtain the temperature of the object underneath the thermocouple. 207 
 208 
2.3.2.2.3. Repeat 2.3.2.2.2 for each measurement from step 2.2.3. 209 
 210 
2.4. Correct the uncorrected thermography image with respect to the thermocouple measured 211 
temperatures with the data generated from steps 2.2.3 and 2.3.2.2.3.  212 
 213 
2.4.1. Plot the measured temperatures via thermocouples against the determined temperatures 214 
via uncorrected IR thermography. Conduct a curve fitting.  215 
 216 
2.4.2. Apply the obtained curve fit as a general uniform global correction formula for the 217 
uncorrected thermography image. 218 
 219 
2.5. Repeat the temperature correction for each new object type or configuration, especially 220 



   

when the optical parameters differ. 221 
 222 
3. Evaluation of spatial surface temperature distribution via IR thermography 223 
 224 
NOTE: The firing conditions are assumed to be identical for this section.  225 
 226 
3.1. Temperature distribution opposite to throughput direction (see red arrow in Figure 4A) 227 
 228 
3.1.1. Conduct multiple line scans of the object temperature (e.g., with the software ImageJ) 229 
opposite to the throughput direction (indicated in the inset picture of Figure 4A). 230 
 231 
3.1.2. Average the line scans in throughput direction in order to get one average line scan in the 232 
direction opposite to the throughput direction. This average line scan represents the surface 233 
temperature distribution of the object in the direction opposite to the throughput direction. 234 
 235 
3.2. Temperature distribution parallel to throughput direction (Figure 4B) 236 
 237 
3.2.1. Choose multiple fixed positions in the furnace (indicated in inset picture of Figure 4B). 238 
 239 
3.2.2. Scan the temperature of the passing object from the heading to trailing edge. 240 
 241 
3.2.3. Convert the temporal distribution to spatial distribution (linear conversion for assumed 242 
constant velocity). 243 
 244 
3.2.4. Average all the temperature distributions in perpendicular throughput direction in order 245 
to get the averaged distribution in throughput direction. This average distribution represents the 246 
surface temperature distribution of the object in the throughput direction. 247 
 248 
3.3. Creation of a 2D temperature distribution map (Figure 4C) 249 
 250 
3.3.1. Track the surface object temperature for each object surface spot along the entire camera 251 
FOV. 252 
 253 
3.3.2. Calculate the maximum value for each object spot and plot the maximum values of each 254 
position in a 2D distribution map. 255 
 256 
REPRESENTATIVE RESULTS: 257 
As shown in Figure 3B−D, the example object (here, a silicon solar cell; strictly speaking, a 258 
passivated emitter and rear cell [PERC]12; Figure 2A,B) can be clearly detected by the IR camera 259 
in different configurations4. The different configurations are monofacially metallized (Figure 3B), 260 
bifacially metallized13 (Figure 3C) and nonmetalized PERC cells (Figure 3D). The difference 261 
between the monofacial and bifacial configuration is that the former has a full area aluminum 262 
layer, whereas the latter has an H-pattern grid (similar to the silver front side) on the rear side. 263 
Here, the IR camera was positioned in a way that the camera FOV captured the peak temperature 264 



   

of the firing process. The peak phase is the most crucial phase during the firing process, since the 265 
contacts are actually formed during this phase14. Here, the temperature range of interest 266 
resembled the typical peak temperature range of the firing process (i.e., ca. 700–900 °C1).  267 
 268 
For the latter temperature range, the spectral emissivity is quite high and homogenous in the 269 
short, middle, and long wavelength infrared spectra3. A double sapphire layer was used as a 270 
transmissive window, allowing for good transmission in the short and middle IR wavelength 271 
spectra. In order to minimize detection of light from the IR lamps of the furnace (peak wavelength 272 
in short wavelength infrared range), an IR camera type with InSb as detector material was chosen, 273 
with a detection range of 3.7−4.1 µm (including filters). Only one-third of the wafer in the 274 
throughput direction can be detected at the same time. However, it was sufficient for this work, 275 
since each wafer position can be detected at a fixed furnace position. Naturally, temperature 276 
corrected thermography images are shown here. Strictly speaking, the image is temperature-277 
corrected with respect to the solar cells.  278 
 279 
As can be seen in Figure 3A, the contacting thermocouple on the opposite side of the optical path 280 
caused a temperature drop around itself (with a temperature drop of 10 K), most likely due to 281 
heat dissipation and shading. The latter drop is important to estimate the cell temperature during 282 
firing without thermocouples, compared to the temperature measured by the thermocouple. 283 
Here, the cell was positioned onto a frame when contacted by a thermocouple (Figure 3E). The 284 
heat dissipation by the frame caused a temperature drop of around 10 K. Together with the 285 
additional heat drop by the thermocouple, the latter measured a 20 K lower temperature than 286 
what the cells displayed during standard processing (without the thermocouple equipment). It is 287 
important to estimate the latter offset for the used thermocouple system, which is performed 288 
with the help of thermography, as shown. The IR camera allows observation of the local heat 289 
dissipation of the cells by the conveyor belt if placed directly on the belt (Figure 3F). This is the 290 
reason why cells are usually placed on belt elevations to minimize contact between them and the 291 
belt.  292 
 293 
Figure 4 shows the surface temperature distribution. Since silicon solar cells are typically around 294 
160 µm thick and processed in the furnace for 30 s, it is likely that the temperature distribution 295 
along the cell depth is homogenous. Therefore, the results most likely suggest a temperature 296 
distribution rather than only a surface temperature distribution. Opposite to the throughput 297 
direction, an average temperature gradient of 1 K/cm was obtained. In the throughput direction, 298 
the incoming wafer quarter was substantially colder than the trailing wafer rest. The colder 299 
incoming portion experienced a gradient of 7 K/cm, while the hotter trailing part experienced a 300 
gradient of 0.5 K/cm.  301 
 302 
In both directions, the cell edges (the remaining 2 cm) were ignored for determination of the 303 
gradients, since the detected temperature at the edges mixed with the colder outside boundary 304 
of the cells, resulting in false temperatures. Figure 4C shows a representative 2D temperature 305 
distribution of a monofacial solar cell, which was not metallized at the front side. The 306 
abovementioned trends in the same and opposite transport directions were observed here, as 307 
well. All in all, these results reveal that the solar cells in this work experienced a certain degree 308 



   

of spatial temperature inhomogeneity.  309 
 310 
FIGURE LEGENDS: 311 
Figure 1: Most important equipment used in the protocol. (A) Lateral scheme of the conveyor 312 
belt furnace. This figure panel has been modified from Ourinson et al.4. (B) Zoomed-in last firing 313 
zone, visualizing the setup of the thermography system. 1) Furnace wall and isolation, 2) IR 314 
camera, 3) IR lamps, 4) insulating window, 5) object transport direction, 6) camera FOV, 7) 315 
transportation belt, 8) object, and 9) thermography software.  This figure panel has been 316 
modified from Ourinson et al.4. (C) The firing furnace used during this protocol. (D) Image 317 
illustrating the used IR camera and transmissive IR window positioned in the firing furnace. The 318 
numbers correspond to the numbers from panels A and B. 319 
 320 
Figure 2: Measured objects and their temperatures. (A) Schematic cross-section of a monofacial 321 
PERC solar cell. (B) Front (left) and rear (right) side view of an industrial PERC cell. (C) 322 
Thermocouple-measured industrial time-temperature profile of a PERC solar cell during the firing 323 
process, including segmentation into phases and section, which is covered by the camera field of 324 
view. This figure has been modified from Ourinson et al.5. (D) Demonstration of disruption 325 
around the eutectic temperature (TEUT) of aluminium and silicon in a firing profile measured by a 326 
thermocouple, when the thermocouple is placed on the aluminium rear side of the solar cell. This 327 
figure has been modified from Ourinson et al.5.  328 
 329 
Figure 3: Representative temperature-corrected thermography images of PERC solar cells for 330 
identical firing conditions. (A) Visible local temperature drop caused by contact of a 331 
thermocouple from the rear side. (B) Thermography image of the upper one-third of a 332 
monofacially metallized PERC cell, including (1) visible busbars (2) positioned on the visible 333 
conveyor belt. TAV shows the average temperature on the wafer. (C) Thermography image of a 334 
bifacially metallized PERC cell. (D) Thermography image of a nonmetallized PERC wafer. (E) 335 
Thermography image of a wafer placed on a thermocouple frame and contacted by a 336 
thermocouple. TTC shows the wafer temperature measured by the thermocouple. (F) 337 
Thermography image of a wafer placed directly on the conveyor belt. (G) Color map of the 338 
temperature range measured by the IR camera. This figure has been modified from Ourinson et 339 
al.5. 340 
 341 
Figure 4: Temperature distribution of a PERC solar cell for identical firing conditions. (A) 342 
Temperature distribution in perpendicular direction to the throughput direction. Black thin 343 
curves present the temperature distribution along the line scans, which are shown in the inset 344 
pictures. The green bold curve presents the temperature distribution, which is the average of the 345 
temperatures shown by the thin black curves.  This figure panel has been modified from Ourinson 346 
et al.4. (B) Temperature distribution in the throughput direction. Black thin curves present the 347 
temperature distribution recorded by the fixed furnace positions, which are shown in the inset 348 
picture. The green bold curve represents the average of the temperatures shown by the black 349 
thin curves. This figure panel has been modified from Ourinson et al.4. (C) 2D temperature 350 
distribution of the maximum temperature of a passing monofacial solar wafer, which is not 351 
metallized at the front side. The conveyor belt is visible at the left and right corners, as well. 352 



   

 353 
DISCUSSION:  354 
Commonly, thermography temperature is corrected via measuring and adapting the optical 355 
parameters of the object, transmissive window and path, and environmental temperature of the 356 
object and transmissive window2. As an alternative method, a temperature correction technique 357 
based on thermocouple measurements is described in this protocol. For the latter method, 358 
knowledge of the parameters mentioned above is not required. For the application shown here, 359 
this method is sufficient. However, it cannot be guaranteed that the thermocouple method is 360 
sufficient for all thermography applications in a conveyor belt furnace.  361 
 362 
In the protocol, a uniform global temperature correction of the thermography image is proposed; 363 
although, it is more precise to correct the spatially resolved temperature. However, it has been 364 
found that the uniform temperature correction is more appropriate in cases of moving objects. 365 
Furthermore, it is intended to correct the temperature of the object rather than the surrounding 366 
objects (e.g., the belt and walls).  367 
 368 
As mentioned in step 2.3.3.2, the example provided here is assumed to have a homogeneous 369 
temperature distribution along the object depth. In cases of objects with inhomogeneous 370 
temperature distribution along their depths, the temperature on one surface does not resemble 371 
the temperature on the opposite surface. Thus, the steps described in section 2.3.3.4 do not 372 
apply for these cases. A solution for inhomogeneous temperature distribution along the object 373 
depth must be further studied.  374 
 375 
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Name of Material/Equipment Company Catalog Number Comments/Description

Datalogger incl. Thermal barrier Datapaq Ltd.
IR thermography camera "Image 

IR 8300" InfraTec GmbH
IR thermography software "IRBIS 

Professional 3.1" InfraTec GmbH

Solar cells Fraunhofer ISE

Solar firing furnace "RFS 250 Plus"

Rehm Thermal 

Systems GmbH

Sheath thermocouples type K TMH GmbH

Thermocouple quartzframe 

Heraeus 

Noblelight GmbH
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Dear Editor,  
 
Thank you very much for the further review of our paper. All your comments have been 
addressed. Please find the responses in the following text and in the marked version of the 
manuscript. We hope that we have met your expectations. We are not sure, whether you 
removed the yellow highlighting in the first chapter of the protocol section on purpose or by 
accident, which is why we put back the highlighted parts as they were when submitted last 
time. If you deliberately deleted those the highlighting, we will accept it, though.   
 
Best regards,  
Daniel Ourinson  
 
 
 
“Do you mean the burnout area or the firing area shown in Figure 1A?” 
 
Yes, the sentence has been changed. 
 
 
“Wavelength range(s) of the highest emission?” 
 
It has been replaced accordingly.  
 
 
“Please provide these parameters for the silicon solar cell tested. Such information can be 
included in a “NOTE” below this step.” 
 
The information has been added.  
 
 
“How?” 
 
After reading the original sentence, we think we did not formulate the task well. Now it should 
be clearer. 
 
 
“Does the size matter here? Please specify the size of the wafer. We need specific details of the 
sample so this protocol can be reproduced.” 
 
Size does not matter here, as it has been inserted into the sentence now. This is why the size 
was not specified. 
 
 
“Please add a reference to published material specifying how to perform this.” 
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Done. 
 
 
 
“Do you mean thermocouple measurements?” 
 
Yes, it has been changed.  
 
 
“Do you obtain a time-temperature profile (e.g., Figure 2C,D) after this step? Please specify 
what data is generated from this step.” 
 
Yes, it has been changed. 
 
 
“Check what?” 
 
Unfortunately we do not understand this question. It says here clearly that a possible local 
temperature drop should be checked for.  
 
 
“How?” 
 
This work is not about teaching how to take general gradients. We assume that the interested 
readers will know how to perform this. But for clarification that we talk here about spatial 
gradients the word “spatial” has been inserted here.  
 
 
“Do you mean the direction indicated with the red arrow?” 
 
Yes, the sentence has been clarified. 
 
 
“Should not step 3.1 start with IR thermography as described in steps 3.2.1 and 3.2.2?” 
 
No, because the object is only moving in throughput direction not opposite to it. This is why 
different approaches, as described are necessary.  
 
“ImageJ is an image processing program. Do you analyze raw data (i.e., temperature) generated 
by IR thermography here?” 
 
 Yes.  
 
“What do line scans represent here?” 
 



Line scans of the object temperature. The sentence has been changed accordingly.  
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