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1 |  INTRODUCTION

Luminescence techniques, both electroluminescence (EL) 
and photoluminescence (PL), are becoming powerful tools 
for inspecting solar cells and photovoltaic modules,1-7 based 
on the reciprocity relation between photovoltaic quantum ef-
ficiency and luminescence emission.8,9 EL consists of lumi-
nescence emission by solar cells under forward bias,10 thereby 
spatially resolving defects that affect the performance and/or 
durability of the modules, such as cracks, heterogeneous cell 

activity, failed soldering, grid defects, and dark areas in cells 
associated with dislocation clusters.11-18 In contrast, PL con-
sists of luminescence emission under excitation with light.19-

28 The difficulty involved in obtaining a uniform large-area 
light excitation source over the module surface has prevented 
it from being applied to module inspection. This problem was 
circumvented by using the sun as the excitation source, with-
out having to resort to an artificial light source, for example, a 
laser.19,29 PL emission depends on the quality of the material, 
its defects, for example, dislocations, precipitates, and cracks, 
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Abstract
Among the many characterization techniques for solar panel testing, two, electrolu-
minescence (EL) and photoluminescence (PL), can provide useful visual informa-
tion about the presence of different types of cell defects. EL is performed outdoors 
by night in commercial solar plants due to the very weak luminescence emission 
compared to sunlight. PL faces the added difficulty of needing to find a large-area 
homogeneous light source to excite the modules. Since nighttime work poses many 
drawbacks and risks, a daylight outdoor EL/PL system would be useful for offer-
ing safe inspection of solar plants. We present daylight luminescence techniques 
based on a bias switching method, in which a pulsed luminescence signal is obtained 
by alternating the polarization state of the solar panels, synchronizing it with the 
luminescence image detection by an InGaAs camera. Fast switching and selecting 
an optimized exposure time are key to achieving high-quality images. The daylight 
luminescence method described herein allows both EL and PL luminescence images 
to be obtained, even under high solar irradiance conditions.
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surface passivation, and effective excitation intensity, while 
EL also reveals genuine cell defects such as contact defects, 
shunts, soldering defects, and local resistance changes. The 
two techniques can therefore provide complementary infor-
mation about cell and module failures.

Luminescence inspection of silicon modules, both 
monocrystalline and multicrystalline, is usually performed 
with high-sensitive low-noise silicon charge-coupled devices 
(CCD) and CMOS cameras,30,31 which also offer high reso-
lution. It can be also carried out with stock consumer Si CCD 
cameras.32 However, the spectral response of this type of sen-
sor is not the ideal one for capturing the Si emission spectrum. 
Si-based cameras are only sensitive to the high-energy tail of 
the intrinsic emission of Si, the peak wavelength of which is 
~1100 nm, out of the sensitive spectral window of the camera 
(λ < 1050 nm), while they are sensitive to most of the solar 
irradiance spectrum (Figure 1). Therefore, luminescence im-
aging of solar modules with Si-based cameras must be car-
ried out in a dark environment so as to avoid background light 
(ambient noise from the sun or other light sources). These 
conditions are sufficient when the images are acquired in a 
laboratory environment free of background light. However, if 
inspections are carried out at the solar plant, measurements 
must be performed in PV mobile laboratories33 or directly 
outdoors on the installed modules.4,34 The first option in-
volves dismantling the modules from the plant and placing 
them into the mobile laboratory. Handling the modules in-
creases the risk of producing microcracks,35,36 while disman-
tling the modules and transporting them to the laboratory are 
time-consuming and costly, and cannot be extended to a large 
number of modules. Acquiring the outdoor luminescence im-
ages directly on the installed modules thus appears to be the 
best option if the background light is suppressed. One option 
consists of carrying out the measurements by night when the 

background light does not blind the luminescence emission. 
However, nighttime measurements involve several opera-
tional and safety issues, such as working under harsh envi-
ronmental conditions (low temperatures, etc), the use of light 
towers, and the complexity of motion across the plant during 
the night to polarize the modules. As a result, nighttime EL is 
difficult to implement as a routine tool for inspecting the high 
number of modules that make up a utility-scale solar plant.

In this context, the possibility of achieving outdoor day-
light luminescence imaging of the modules emerges as a 
very attractive option. However, performing daylight lumi-
nescence measurements is very challenging, given the need 
to implement methods which allow the background sun radi-
ation to be suppressed in order to extract the luminescence 
emitted by the cells.

Different approaches have been proposed to perform out-
door EL imaging (night and day time).1,4,5,29,34,37-41 With 
regard to nighttime EL, in 2016 S. Koch and coworkers 
compared manual ground-level inspections and drone-based 
aerial surveys, and concluded that the use of a drone, de-
spite certain inconveniences, is the most powerful option 
for inspecting large solar plants.4 In order to extend the EL 
technique to daylight conditions, also in 2016, Adams et al34 
reported what they called the electroluminescence lock-in 
(ELLI) technique. Basically, the use of a pulsed electrical sig-
nal allowed them to detect the EL signal in dark conditions in 
motion, which was facilitated by the use of an InGaAs cam-
era instead of a Si-based CCD camera. Stoicescu et al38,39 
reported a method to obtain daylight luminescence images 
of PV panels, based on the polarization of PV panels with an 
AC-modulated bias correctly synchronized with the camera. 
Later in 2017, T. Kropp and coworkers presented a novel day-
light EL measurement system that uses (for polarization) the 
power generated by the module itself.37 GAR Benatto and co-
workers have also developed lock-in subtraction EL methods, 
which can be useful for aerial inspections.5,40,41 The outdoor 
acquisition of PL images is also discussed in the literature. 
Bhoopathy et al19 proposed a method based on shadowing 
one cell simultaneously to image acquisition, in order to pro-
duce a switching optical generation in the module. Another 
approach to obtain EL and PL images was proposed by 
Silverman et al.29 The idea was to force the module to work 
in different points of the illuminated I-V curve while imaging 
the optical generation. Their conclusions show the advantage 
of EL in terms of image quality, since it contrasts the defects 
better. What they called open-circuit outdoor PL is a useful 
characterization method for solar modules.

All of these daylight EL and PL imaging techniques 
share common principles, although they follow different 
strategies for filtering the background light, separating EL 
from PL and optimizing the quality of the images. This ar-
ticle deals with the implementation of a daylight lumines-
cence (EL and PL) tool based on the setup of a switching 

F I G U R E  1  Quantum efficiency (QE) of Si and InGaAs detectors. 
The luminescence spectrum of Si and the transmittance (T) of the 
band-pass optical filter used are also shown. Solar spectrum irradiance 
at AM1.5 is also plotted
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procedure which allows ambient light to be filtered ef-
fectively (Section  3). This procedure allows high-quality 
luminescence images of the solar modules, both EL and 
PL, to be obtained, even under high solar irradiance, with 
short acquisition times, without dismantling the modules, 
and with the versatility of being able to be used 24 hours a 
day. Preliminary results have previously been published.42 
Here, we provide a detailed description of the experimental 
procedure and data treatment. To the previous published 
works, we add the ability to acquire consecutive images 
at two different polarization states with a precise exposure 
time and with a very high switching frequency. Applying 
this method involves the use of an InGaAs camera for lumi-
nescence acquisition and a solid-state relay controlled by 
radiofrequency in order to ensure the switching procedure 
described below.

2 |  EXPERIMENTAL

The InGaAs camera used was a 640 × 512 pixels Hamamatsu 
C12741-03, with 14 bits' resolution. The pixel noise and 
dark current of this camera are 250 e-rms and 360 000 e-/
pixel.s, respectively. The exposure times range from 1 µs to 
1 s, which enables acquisition to be adapted to the different 
lighting conditions that can be found in a solar plant. It has a 
lightweight (600 g), small size (98 mm × 56 mm × 56 mm), 
and efficient power consumption (16 W). Moreover, a USB 
3.0 interface and LabVIEW drivers allow it to be connected 
to any computer.

We use a Kowa short-wave infrared (SWIR) optical system 
with 16 mm focal length for image acquisition. This allows an 
entire module per image to be viewed with the camera placed 
2.5 m away from the module.

Suppressing the ambient light is the critical issue. For this 
purpose, it is advisable to use a set of appropriate optical fil-
ters. The maximum transmittance of the filters should cover 
the spectral range of the luminescence emission of silicon 
(Figure 1). In our setup, a SWIR band-pass filter, centered 
around 1160 nm with a bandwidth of 150 nm and a transmit-
tance close to 90%, is used.

EL measurements require the forward polarization of the 
module. A power supply giving the necessary voltage output 
is thus needed. The higher the bias (and hence the forward 
current), the higher the EL signal. If measurements need to 
be carried out in accordance with the IEC 60904-13 standard, 
an equivalent to its short-circuit current for the module polar-
ization is required. According to the most common character-
istics of crystalline Si modules, a voltage of about 40 V and a 
current output of 8-10 A are needed. Depending on the avail-
able power supply, just one module or a complete string could 
be biased. A solid-state relay (Schneider SSP1D412BD) is 
used to switch the polarization states.

The InGaAs camera (Hamamatsu) was compared with a 
silicon CCD camera (PCO 1300). The silicon camera has a 
higher resolution (1392 × 1040 pixels), but a lower bit reso-
lution (12 bits) compared to the InGaAs one. The pixel read 
noise and dark current of the PCO camera are 6-10 e-rms and 
0.05 e-/pixel.s, respectively.

Irradiance was systematically measured in situ using a 
power meter, in the plane of the modules, just before and after 
image acquisition.

3 |  BIAS SWITCHING METHOD

3.1 | Bias switching method for EL 
acquisition

As already mentioned, EL measurements using Si sensors 
need complete darkness. The use of an InGaAs sensor allows 
for an optimized capture of the Si emission, since it covers 
the full spectrum emission of Si with high quantum effi-
ciency (Figure 1). In addition, it is blind to visible light such 
that the detector behaves as a filter for the visible ambient 
light. However, ambient light also contains IR contributions 
to which the InGaAs detector is sensitive. Background light 
is still therefore collected with this detector and must be re-
moved in order to extract the luminescence signal. Daylight 
luminescence measurements require sophisticated filtering 
methods to reject the ambient light in order to extract a low-
noise luminescence image of the modules.

We considered various filtering alternatives, one of which 
was a frequency filtering method (lock-in method). This con-
sists of directly biasing the module at a known and controlled 
frequency, such that the corresponding EL signal emitted 
by the module is also modulated at that frequency.39,41,43 By 
making the Fourier transform for each pixel of the image and 
by filtering the bias frequency, it is possible to extract the EL 
signal from each pixel and reconstruct the EL image. This 
is a very effective method which can be expected to provide 
satisfactory EL images. However, it is not easy to perform 
because:

1. modulating the polarization signal at a high frequency 
is challenging,

2. it is necessary to acquire many images in order to obtain a 
good sampling rank, and

3. the images need to be filtered after capture, which in-
volves exporting a large volume of data. This proves time-
consuming in computing terms and requires computers 
with a large processing capacity.

These drawbacks led us to implement a simplified ap-
proach of this method for acquiring daylight EL images. The 
procedure consists of subtracting the module/cell images 
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sequentially recorded under direct polarization (On state) and 
open circuit (Off state) of the modules. It should be noted that 
daylight outdoor EL is not exactly equivalent to dark EL, but 
it is EL under illumination. The light collected by the detector 
not only consists of the EL emission itself, together with the 
ambient light (both direct and reflected by the module). The 
PL emission excited by the sunlight must also be taken into 
account. In the Off state, the detector collects the ambient 
light, both reflected and direct, as well as the PL emission. 
Thus, the background signal (bg), corresponding to the Off 
state, is subtracted from the signal collected in the On state 
(background light equivalent to that collected in the Off state 
plus the EL emission arising from the module, EL + bg).34 
The difference between the images obtained in the two states 
should provide the EL image. Figure 2 shows the I-V curve 
under illumination and the scheme of the On and Off states 
for the EL image acquisition.

Using the bias switching method, images are captured in 
two different states. The signal level at each pixel of the cam-
era sensor is given by the expression:

where A is a constant, texp the exposure time of the camera (time 
during which the sensor is receiving a signal), ΦEL(�) the EL 
signal, ΦSUN(�) the total ambient solar irradiance, SRCAM(�) 
the spectral response (sensitivity) of the camera, and T(�) 
the transmittance of the optical filter (in order to improve the 
ΦEL(�)∕ΦSUN(�) ratio, see Figure 1).

Exposure time is critical vis-à-vis improving the quality 
of the images.44 Under daylight conditions, the intensity 

of the background light reaching the detector can be very 
high. As a result, texp has to be limited in order to avoid 
saturation of the detector. Figure 3 shows a schematic rep-
resentation of the variation of pixel intensity under two 
different levels of ambient light (low and high). The EL 
signal for the exposure time t1 in the case of high solar ir-
radiance, EL1

(high), would be approximately similar to that 
for low solar irradiance, for which the resulting signal is 
EL1

(low). However, the signal-to-noise ratio (SNR), where 
noise refers to the background light, is higher in the case 
of low irradiance. In order to improve the quality of the EL 
image, the exposure time must therefore be optimized with 
respect to solar irradiance conditions, for which t2 rather 
than t1 should be selected for the case of low irradiance 
conditions. The horizontal line in the graph of Figure 3 rep-
resents the “saturation level,” which is the threshold light 
intensity saturating the InGaAs camera. The selected ex-
posure time should always allow the camera to operate in 
a safety range below the saturation threshold, given that a 
slight increase in solar irradiance is sufficient to take the 
overall light intensity over the saturation threshold of the 
pixel when working close to such a threshold.

The image subtraction method encounters a limit when 
the EL signal is too weak compared to the background light 
(EL + bg ≈ bg). Obviously, this depends on the bg light and 
the experimental setup, as well as the detector and filters. As 
a result, in order to ensure better performance, the experi-
mental systems need to be improved by enhancing the EL/
bg ratio.

The bias switching method can be significantly im-
proved by acquiring several consecutive On/Off images 
(cycles).29,40,45 The final EL image will be obtained by aver-
aging the images extracted from the subtraction of each pair 

(1)

Pixel Intensity=A ⋅ texp ⋅∫
(

ΦEL(�)+ΦSUN(�)
)

⋅SRCAM(�) ⋅T(�) ⋅d�

F I G U R E  2  Representation, over a daylight solar panel I-V curve, 
of the two polarization states to obtain EL images (On/Off states, in 
red color). (On/Off states for PL images are depicted in blue)

F I G U R E  3  Schematic relationship between the intensity of a 
pixel and the exposure time used, for the cases of high (green lines) 
and low (brown lines) solar irradiance
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of On/Off images over a number of cycles. Figure 4 shows 
the measured signal intensity levels received by the InGaAs 
detector along a measurement consisting of 20 consecutive 
Off/On cycles. Here, the height of the bars is given by the 
average value of all the pixels in an image. The difference 
between the two intensities is the EL signal. This image il-
lustrates two relevant conclusions: (a) The SNR is very low, 
≈0.01, which is the result of the weak EL signal with respect 
to the background light. Even under such unfavorable condi-
tions, image subtraction allows the EL signal to be extracted. 
(b) A major fluctuation in ambient sunlight conditions, of 
the order of the EL signal in this case, can occur in a rela-
tively short time, such as 20 seconds. Consecutive On/Off 
images, and their average over a number of cycles, allow the 
ambient light variations which occur during the acquisition 
process to be corrected. Fast On/Off switching, as well as a 
short exposure time, permits the temporal fluctuations of the 
ambient light intensity to be reduced.

It is important to distinguish between the exposure time 
of the camera (texp), the total acquisition time (tac), the 
processing time used in the subtractions and averages of 
each block of images (tp), and the total time for obtaining 
the final EL image (tT), which is the sum of all the other 
times. The total acquisition time (tac) is the addition of the 
exposure time, which can be as short as 1 µs for the used 
camera, plus the processing time of the camera, which for 
this camera has a fixed value of 16.7 ms. Although texp can 
be very short with respect to the processing time, it plays 
an important role in image acquisition. The processing time 
used for the subtractions and averages (tp) of each block of 
images largely determines the total time (tT). The process-
ing time depends to a great extent on software design and 
hardware capabilities.

3.2 | Bias switching method for PL 
acquisition

We implemented a procedure equivalent to the bias switch-
ing used for the EL images in order to extract the daylight 
PL images. This is not so straightforward in this case because 
the sunlight excitation source cannot be switched off, as was 
done for the module polarization in the EL measurements. To 
achieve the Off and On excitation states in PL measurements, 
one works with the photovoltaic module in either open circuit 
(On state) or short circuit (Off state) (see the On and Off states 
on the I-V curve under illumination in Figure 2). When the pho-
tovoltaic module is in open circuit under solar irradiance, the 
photogenerated electrons and holes remain spatially close, and 
a significant fraction of them can recombine radiatively, giving 
the PL signal (On state), which is superposed to the background 
light. It should be noted that the PL On state is equivalent to the 
EL Off state. In contrast, when the module is short-circuited, 
most of the photogenerated electrons and holes are driven away 
by the induced reverse photovoltage, and only a small popu-
lation of the electrons and holes recombine, with the subse-
quent decrease in the PL signal, which allows us to take it as 
the Off state. The difference between the luminescence signals 
acquired under each of these measurement conditions should 
allow the daylight PL image to be extracted. The sequential ac-
quisition of PL images in On and Off states follows the same 
trends described for acquiring EL images.

Daylight PL evidences certain limitations compared to day-
light EL. The main one of these is the need for a threshold solar 
irradiance level in order to have sufficient excitation to gener-
ate a measurable PL signal. This issue is discussed later on.

It is worth noting that EL and PL are complementary with 
respect to the irradiance conditions. EL images improve under 
low solar irradiance conditions, while PL measurements need 
a threshold level of solar irradiance to generate sufficient sig-
nal, and improve when solar irradiance increases. For high 
solar irradiance conditions, EL measurements will present 
more noise and therefore will demand a high number of On/
Off cycles while such conditions can prove to be advantageous 
for PL measurements. In contrast, under low solar irradiance, 
PL measurements might not be feasible whereas EL measure-
ments provide excellent results. On the other hand, PL mea-
surements do not need the use of an external DC power supply.

3.3 | Hardware and software for 
implementing the procedure

Figure 5 shows a scheme of the daylight EL system. In order 
to have very precise polarization control (On and Off cycles) 
and to minimize the problems caused by cable interconnec-
tions, a home-made radio frequency module controlled by 

F I G U R E  4  Average light levels in all pixels of an image, 
acquired with 20 On/Off measurement cycles
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a solid-state relay was developed (element 4 in Figure  5). 
Through proprietary software, this element allows the image 
acquisition and the forward current on the photovoltaic panel 
to be synchronized.

The procedure for daylight PL measurements is simi-
lar. However, because the forward current is not necessary 
the DC power supply is disconnected. In order to filter the 
background light, the photovoltaic module must be short-cir-
cuited. The radio frequency–controlled solid-state relay mod-
ule is used for this purpose.

In order to obtain a final EL image, several images (in both 
On and Off states) must be acquired. One very convenient 
method for doing this involves acquiring image after image 
and adding these to the same object (640 × 512 matrix), only 
accumulating the total sum in the memory. The procedure 
followed consists of adding the On images and subtracting 
the Off images, which can be expressed as follows:

(2)If =

N
∑

i= 0

IOn
i
− IOff

i

F I G U R E  5  Daylight EL system 
diagram. 1—Solar radiation; 2—band-pass 
optical filter; 3—InGaAs camera; 4—radio 
frequency–controlled solid-state relay 
module; 5—DC power supply; 6—visual 
interface for power injection and image 
acquisition control

F I G U R E  6  Software flow diagram of 
the “Bias Switching Method”
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where N is the total number of cycles in a measurement, If is the 
resulting final image, IOn

i
 represents each image in the On state, 

and IOff
i
 represents each image in the Off state.

Figure  6 shows the software flow diagram of the bias 
switching procedure. The first step is to set the polarization 
state (On). The software checks the images previously ob-
tained. If there are no previous images (i = 0 in Equation 2), 
the exposure time will be determined by an optimized al-
gorithm and then applied to the subsequent measurements. 
Then (i > 0 in Equation 2), the software will only change the 
polarization state to obtain the desired images at each time; 
texp remains fixed (circuit of dash-dot red arrows in Figure 6). 
According to Equation (2), when i = N the process will finish 
after automatically saving the resulting image. The numeri-
cal value for N is fixed at the beginning of the measurement 
process, depending on the background irradiance conditions.

In order to quantify the quality of the luminescence im-
ages, our software is also able to provide in real time the 
result of the SNR averaged over the N cycles (SNRAVG) as 
proposed in Ref. [45] for outdoor measurements. According 
to IEC standard 60904-13, the minimum acceptable value for 
SNR in the case of outdoor EL measurement is 5.

The obtained EL and PL images have not been altered; 
only the contrast has been modified.

4 |  RESULTS AND DISCUSSION

4.1 | Comparison of Si and InGaAs sensors

Figure 7 shows the tests performed for a single On/Off cycle, 
using a Si CCD camera (A, B) and the InGaAs camera (C, 

D). The figure shows the processed images (as a result of the 
difference in signals for the On state and the Off state) ob-
tained under very low background lighting conditions (inside 
the laboratory, G < 100 W/m2) for increasing sensor expo-
sure times (texp). In the case of the Si CCD tests, although 
a slight improvement is noticeable when increasing texp, the 
images present very poor contrast with a high noise level. In 
addition, the exposure time cannot be increased further as the 
background light saturates the Si detector.

The processed images obtained with the InGaAs camera 
for increasing exposure times, under similar low background 
light conditions (Figure 7C,D), show a high noise for very 
low texp, although the SNR increases substantially by increas-
ing texp. Note that the exposure times with the InGaAs de-
tector are reduced by at least one order of magnitude with 
respect to the exposure times with the Si detector, due to the 
high sensitivity of the InGaAs camera in the 1000-1300 nm 
spectral window (compared to the Si-based one). This is cru-
cial for obtaining fast and high-quality daylight EL images 
using the bias switching method.

4.2 | Measurements at different 
irradiance levels

Figure 8A,B shows the EL images obtained with a fixed texp 
of 25  ms at noon and in the afternoon, as the solar irradi-
ance decreases along the afternoon. The quality of the image, 
measured with the SNRAVG value, increases substantially as 
the solar irradiance decreases (from 8.2 to 22.5). This occurs 
because even for the same EL signal intensity, when the solar 
irradiance is lower, the SNR improves (see the schematic 

F I G U R E  7  Processed EL images 
(On minus Off) from a monocrystalline 
Si module obtained with a Si CCD (PCO 
model) (A, B) and with an InGaAs camera 
(C, D) under low background irradiance 
conditions (G < 100 W/m2) for different 
exposure times
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representation in Figure 3, for high and low irradiance con-
ditions with texp =  t1). Despite this, the EL image obtained 
under the highest solar irradiance is good enough to clearly 
detect the defects in the crystalline Si module. Some satura-
tion is observed (blurred areas in the image) which might be 
associated with fluctuations in solar irradiance or with local 
changes in panel reflectivity. Under saturation, the difference 
obtained from subtracting the images would be zero, which 
can be prevented by adjusting the exposure time.

As solar irradiance decreases, exposure time can be in-
creased in order to improve image quality (see the influence 

of exposure time (t2 vs t1) in the schematic representation of 
Figure 3). In this case, the SNR is enhanced by increasing 
the exposure time from 25 ms to 900 ms (Figure 8B,C) (the 
SNRAVG value increases from 22.5 to 31.4), thereby improv-
ing the quality of the image. On the other hand, the increased 
texp will lead to an increase in total acquisition time. These 
two parameters (desired SNRAVG value and total acquisition 
time) need to be “played with” in order to select the optimum 
texp.

4.3 | Measurements with different images 
per cycle

In our quest to improve the SNR, we modified the cycle 
acquisition by obtaining several consecutive images, rather 
than only one per cycle and bias state. Figure 9 shows the dif-
ference between the images recorded with one, two, and three 
captures per cycle and bias state. An increase in the SNRAVG 
value from 5.2 to 8.5 (and thus in the quality of the resulting 
EL image, which appears better defined) is observed for two 
image captures, with respect to only one image capture. This 
is the result of signal averaging. However, when consider-
ing the results of capturing more images per cycle, no ad-
ditional improvement was seen vis-à-vis the situation of two 
image captures (the SNRAVG value decreases to 7.1 for three 
captures per cycle). In fact, increasing the number of images 
per cycle leads to increased acquisition time, yet without any 
reward in terms of improvement. Moreover, a longer acquisi-
tion time is prone to background light variations.

4.4 | Optimal number of cycles and total 
measurement time

The optimal number of cycles would depend on the solar ir-
radiance level and the desired SNRAVG value. As solar ir-
radiance increases, one would expect to have to increase the 
number of cycles in order to improve the EL image quality 
(value of SNRAVG). Several tests with different cycles were 
performed so as to obtain an estimation of the optimal num-
ber of cycles for different levels of solar irradiance. Figure 10 
shows the results for irradiances of 230 W/m2 (A, C, E) and 
850  W/m2 (B, D, F), respectively. In this set of measure-
ments, texp was fixed at 2 ms. As can be seen, the SNRAVG 
value increases as a function of the number of cycles. For 
low irradiance (230 W/m2), 50 cycles were enough to obtain 
SNRAVG values above 5 and thus images of sufficient quality 
(Figure 10C). For an irradiance level of 850 W/m2, 100 cy-
cles are needed to obtain images with similar SNRAVG values 
(Figure 10F). The increase in the number of cycles implies an 
increase in the total time (tT) required to obtain the final EL 
image. As already mentioned, these times partially depend 

F I G U R E  8  EL images for different irradiance conditions (N = 50 
cycles). (A) to (B) shows the evolution of the EL image with a fixed 
exposure time (texp = 25 ms); (B) to (C) shows the effect of the 
increment of the exposure time, using the best (highest) exposure time 
for the lower irradiance case
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on the software optimization procedure and on computer 
capabilities. At present, in our experimental setup with an 

optimized procedure, 10 cycles would take tT = 2.5 s, while 
100 cycles would scale to tT = 11 s. The delay between cy-
cles, combined with a high radiation variation, can occasion-
ally produce a small difference between the images obtained 
in the two polarization states. The sum of all these small dif-
ferences may produce a slightly gray backplane in the image.

Although the increase in the number of cycles leads to an 
increase in the quality of the images (SNRAVG values), the 
resolution of the InGaAs camera is the main factor that limits 
the observation of the type and extent of the defects.

4.5 | Polarization of complete strings and 
individual modules

The resolution of the InGaAs detector would enable EL (PL) 
images of a complete string of modules to be performed. 
However, the inclination of the strings and the relative posi-
tion of the InGaAs detector can greatly affect image quality 
(because of a lower perpendicular resolution) and, there-
fore, the ability to distinguish the defects present in each 
cell. Figure 11 shows EL images of polarized strings with a 
very large inclination. Some modules are labeled, M1-M4, 
for comparison with the EL images of those modules taken 
individually (see Figure  12). These images were obtained 
under a solar irradiance of 320 W/m2, an exposure time of 
5.5  ms and with 50 cycles. The power supply used in this 
case was enough to provide more voltage than the sum of the 
open-circuit voltage of the modules in the string (at least 20% 
more, such that for a 1000 V string, a 1200 V and a 12 kW 
power supply would be needed). The trees can be seen in the 
lower part of Figure 11. Small delays between the images, 
combined with the movements of mobile parts of the images, 
produce this effect.

As observed, these EL images provide a preliminary vi-
sual observation of degraded modules in the string. However, 
the classification and identification of the defects are blurred 
due to low spatial resolution. As the size of the imaged area 
increases, it becomes increasingly difficult to elucidate the 
nature of the defects. In fact, depending on the details that one 
is seeking to image, different resolutions are required.32,38,46 
The EL images of the individual modules labeled in Figure 11 
are shown in Figure 12. These daylight EL images are of re-
markable quality and enable the defects of the different cells 
to be identified and classified, which was not possible when 
imaging the full string, due to the poor spatial resolution (see 
Figure 11).

4.6 | EL vs PL measurements

EL and PL images of the same module (taken consecutively) 
under different irradiances (260, 500, and 1140 W/m2) and 

F I G U R E  9  Comparison between EL images with 1 (A), 2 (B), 
And 3 (C) consecutive captures per cycle in each polarization state. 
G = 350 W/m2, texp = 10 ms, 50 cycles
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optimized exposure times are shown in Figure 13. The EL 
images are of high quality for the three irradiances, although 
the SNRAVG value decreases with irradiance intensity. Instead 
of this, the PL images improve with irradiance intensity. For 
low irradiance (260 W/m2), the PL image is not defined and 
the main defects are not revealed. For increasing irradiance, 
the PL images reveal the defect areas, which appear localized 
in zones of the module for which cracks are observed in the 
EL images (see the highlighted zones in the EL and PL im-
ages [Figure  13C,F]). Nevertheless, there is no one-to-one 
correlation between PL and EL images, which evidences the 
complementarity of the two techniques.

Figure 14 shows higher resolution EL (A) and PL (B) 
images obtained at 980  W/m2 on the same module, al-
lowing a more detailed visual comparison of the defec-
tive areas in the two images. A greater contrast can be 
seen in the EL images compared to the PL images, which 
is consistent with the previous discussion, although the 

PL images are of good quality. One can also clearly dis-
tinguish regions where the EL and PL image contrasts 
are different. Luminescence contrast is governed by the 
presence of nonradiative recombination centers, electri-
cal fault connections, and the generated e-h population. 
As formerly mentioned, PL images mainly address the 
defects associated with cell material, surface passivation, 
and reflectivity. However, the PL images presented here 
are not conventional PL images, but need the subtraction 
of the Off state image, which is also influenced by the 
contacts. Analysis of the differences between EL and PL 
images must thus be handled with care. In EL, the carrier 
population is supplied by current injection, whereas in 
PL we are dealing with photogenerated carriers. In par-
ticular, in Figure 14 the dark contrasted defects are asso-
ciated with cracks, in which carrier injection is reduced 
because of the local increase in series resistance, Rs, 
plus the corresponding contribution of the nonradiative 

F I G U R E  1 0  EL images obtained with 
10 (A, B), 50 (C, D), and 100 (E, F) cycles 
(texp = 2 ms in all cases). (A, C, E) 230 W/
m2; (B, D, F) 850 W/m2
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recombination. The PL images show local coincidences 
in the dark contrast with the EL images, although there 
are other regions with reversed contrast, which is dark in 
the EL images and bright in the PL images. Additionally, 
in the PL image the crack boundaries are revealed, giving 
a dark contrast, which is due to the nonradiative recom-
bination at the crack boundaries. In both measurements, 
series resistance is relevant, in the On state of EL associ-
ated with the injection of carriers and in the Off state of 
PL associated with the extraction of carriers. Differences 
in the contrast between EL and PL might therefore be re-
lated to the local Rs. The dark contrast in the PL image 
might be associated with very high local Rs, which does 
not allow the carriers to be extracted in the PL Off state. 
It is important to note that a PL signal will also come 
from an area which is not in electrical contact with the 
rest of a cell. However, because a difference method is ap-
plied here, these areas of the cell will not be in short cir-
cuit, such that the difference method will result in a zero 
signal and thereby give a dark contrast. In those areas, the 
carrier injection is blocked under direct bias, such that 
they will also present a dark contrast in the EL images. 
When isolation is not so high (lower Rs), the extraction of 
the photogenerated carriers can be sufficient to provide 

a background image that can be subtracted from the PL 
image (On state). However, it can produce a sufficient 
block of the carrier injection to result in the drastic re-
duction of the EL SNR, therefore giving a dark contrast 
in the EL image. A quantitative analysis of contrast in 
these images would provide additional insights into the 
differences between daylight EL and PL images. Such an 
analysis lies outside the scope of this paper, but will be 
the subject of a forthcoming work.

A comparison between EL and PL images of a monocrys-
talline Si module obtained under the same solar irradiance con-
ditions is shown in Figure 15. Measurements were performed 
at a very high irradiance level of 1050 W/m2, corresponding to 
the city of Madrid at 13:00 on a July day. Both measurements 
were performed consecutively. Even under such high irradiance 
levels, the quality of the images is very satisfactory, even for 
only 50 cycles (tT = 7 s). In these high irradiance conditions, 
the PL images are very suitable for panel imaging, as seen in the 

F I G U R E  1 1  EL images of completely polarized strings. 
G = 320 W/m2, texp = 5.5 ms, 50 cycles. Four modules, labeled M1-
M4, are marked for identification purposes (see Figure 12)

F I G U R E  1 2  EL images of individual modules (labeled M1-
M4 in Figure 11), taken independently in a completely polarized 
string. Easily distinguishable defects are indicated. G = 320 W/m2, 
texp = 5.5 ms, 50 cycles
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clear daylight PL images (Figure 15B). Despite the high quality 
of the two images, EL images usually appear more contrasted 
(SNRAVG = 12.3 for the EL image, compared to SNRAVG = 8.2 
for the PL one), revealing more defined details. However, PL 
images can also reach high quality, and the measurement pro-
cess is simpler because it does not need the use of a power sup-
ply to bias the modules.

4.7 | Very high throughput

The number of Si solar modules that can be measured by 
using our EL/PL system in a working day can be very high, 
provided that:

1. complete strings are polarized, and
2. there is a device available to move the InGaAs camera 

from one module to another rapidly.

Considering the total time required to obtain an image 
(tT) and the implementation of remotely controlled relays to 
switch the strings On and Off, inspection can be done very 
quickly, reaching throughputs up to 1 MWp/24 h using only 
one camera and two operators. This is a conservative projec-
tion: considering only image acquisition time, around four 
hours would be required for 1 MW testing. Our EL/PL sys-
tem appears as a very useful tool for routine inspection of 
medium- to large-scale photovoltaic plants.42

It is important to note that images must be perfectly 
aligned in our method to ensure that pixel subtraction is oc-
curring for the same physical point on the module. For in-
stance, for aerial use of our method, it is important to ensure 
the correct subtraction of the images. This is not easy, since 
it would involve computing time, which is critical in the case 
of a drone inspection. Aerial luminescence inspections are, 
nevertheless, beginning to emerge.5,40

F I G U R E  1 3  Comparison between 
daylight EL (A-C) and PL (D-F) images 
obtained consecutively. Irradiance varies 
from 260 W/m2 to 1140 W/m2. The number 
of cycles was fixed at 50, while texp was 
optimized for each case

F I G U R E  1 4  Comparison between daylight EL (A) and PL (B) 
obtained consecutively (close-up view of the same module imaged 
in Figure 13). G = 980 W/m2, texp = 1.9 s, 50 cycles (tT = 7 s). The 
arrows indicate crack boundaries
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5 |  CONCLUSIONS

We implement a user-friendly and cost-effective system ca-
pable of acquiring high-quality luminescence (EL or PL) 
images of Si photovoltaic modules, under the most varied ir-
radiance conditions that can occur in solar plants, 24 hours a 
day, 365 days a year, and at any latitude. To achieve this, an 
image processing method was implemented, capable of ex-
tracting the luminescence signal in a noisy environment. A 
bias switching method which makes use of a variable number 
of On-Off cycles was set up, subtracting the images and av-
eraging them over an optimized number of cycles. The main 
elements of the system are an InGaAs camera, a band-pass 
optical filter, a power supply (in the case of EL measure-
ments), and a solid-state relay system for switching from On 
to Off states. The control and acquisition software was built in 
LabVIEW. Precise control of the polarization state and syn-
chronized acquisition of the corresponding images, as well as 
the selection of an optimized exposure time, are fundamen-
tal tools of the software package. In order to minimize the 
problems caused by cable interconnections, a remote control 
device has been developed to polarize the modules, which 
allows for switching between the two polarization states, re-
gardless of the power supply used. In order to test the system, 
inspections of PV modules were carried out in photovoltaic 
plants, and high-quality images were obtained, which enabled 
the typical defects found in solar cells, such as microcracks, 
soldering defects, inhomogeneities, and others, to be detected.
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