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In high-performance Si solar cells, recombination at the metal-silicon interface has become the major
remaining barrier to reaching the theoretical power conversion efficiency limit. Efficient and practical
assessment of metal-associated recombination is crucial for understanding and mitigating these losses.
This study presents a photoluminescence imaging-based method for evaluating the metal contact
recombination current (Jo o) of rear TOPCon metallisation. The proposed method is based on the Fourier
analysis of the periodic pattern corresponding to the metal fingers on samples. This requires no specially
designed metallisation geometries. Noise normalisation and bandpass filtering in k-space are used to
suppress noise and preserve the metal contrast signal. Numerical device simulations are used to
establish the relation between contact recombination levels and the resulting metal contrasts in
photoluminescence images. Testing this technique using data from samples made with two different
metallisation pastes demonstrates the differences in contact recombination Jg. values, showing the
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resolution, are discussed to determine their influence on the efficacy of the proposed method. This

DOI: 10.1035/d4el00016a Fourier analysis-based Jg . determination method is well-suited for industrial finger grid metallisation and

rsc.li/EESSolar has the potential to enable seamless contact characterisation for PV manufacturing.

Broader context

Solar energy plays a vital role in the global transition to sustainable and renewable energy, with silicon photovoltaic technology leading as the most cost-effective
and widely adopted solution. As the world increases renewable energy capacity, improving the efficiency and scalability of silicon PV technology becomes
increasingly critical. Recombination loss at metal contact interfaces is a major limiting factor in high-efficiency silicon PV devices. Rapid, accurate, and
integrated methods are required to characterise the energy losses at metal contacts. Our study introduces an innovative method for evaluating contact
recombination losses in silicon solar cells using Fourier transform filtering and physical modelling of photoluminescence images. Unlike existing methods that
rely on specially designed metallization patterns, our technique leverages the periodicity of industrial screen-printed metal patterns to extract contact
recombination without modifying industrial processes. The extraction of metal-specific luminescence signals marks a significant advancement, allowing for
accurately determining losses in practical manufacturing environments. By providing a scalable and efficient characterisation solution, our method supports
the broader aim of reducing costs and enhancing the performance of silicon photovoltaics, contributing to the global shift towards renewable energy.
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technologies, increases in cell efficiency have primarily been
driven by advances in contact passivation. Passivated contact
architectures, such as the tunnelling oxide passivated contacts
(TOPCon)* and silicon heterojunction (SHJ)> have pushed c-Si
cells closer to the Shockley-Quiesser theoretical power conver-
sion efficiency (PCE) limit. By effectively alleviating minority
carrier recombination losses in the contacting regions, such
technologies enabled very low energy losses in contacts with low
resistivity. The recombination parameter J,, denoting the dark
recombination current density, is a widely used standard for
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assessing recombination processes in both experiments and
modelling.? J, can be used as the cumulative global parameter
in device dark saturation current or specifically for surface
recombination processes as a surface parameter.* Furthermore,
to differentiate between recombination from the contacted and
non-contacted surface regions, contact-related J, . is explicitly
used for the recombination at the metal-silicon interface. J, . is
therefore established and widely adopted as an important
characterisation metric in evaluating contact performance in Si
solar cells.>®

In industrial settings, c-Si solar cell metallisation predomi-
nantly relies on a flatbed screen printing and fast firing process
using Ag-based metallisation pastes.” Such a fire-through met-
allisation route, partly historically inherited from older lines,
can be adapted to contacting poly-Si passivated TOPCon-like
surfaces with only minor modifications to the paste.®’
However, studies on poly-Si based contacts have identified
a trade-off: reducing the thickness of the poly-Si layer decreases
parasitic losses but, in turn, increases the susceptibility to metal
paste ingress during the firing process. This susceptibility leads
to large-area removal of SiN, and poly-Si layers under contacts,
accompanied by Ag metal intrusion into the substrate. Such
microstructures are linked to excessive contact-induced
recombination losses.*' Early experimentally extracted Jo.
values for fire-through metallisation on various n" poly-Si films
range from 100-400 fA cm™>.1*"* More recent studies show that
Jo.c values below 50 fA cm > are achievable on thin n* poly (~100
nm) structures through precise tuning of the poly-Si deposi-
tion' or doping process.*

Photoluminescence imaging (PLI) is a rapid and versatile
characterisation tool in PV applications.* PLI operates on the
principle that photoluminescence intensity depends on the
fraction of excess carriers undergoing radiative recombination.
This allows quantitative analyses of luminescence emission
intensities to assess carrier recombination processes, including
contact recombination, J .. In earlier studies, recombination at
contacts (J, o) was treated as part of the area-weighed total J, in
a linear fitting of J, to metal-area coverage fraction.'> Develop-
ments in simulation tools such as Quokka and Griddler facili-
tate more accurate J,. determination by enabling the
calculation of lateral non-uniform carrier density distribution.
Accounting for carrier non-uniformity has improved the inter-
pretation of PL intensity in test fields with known metallisation
fractions, thereby enhancing the accuracy of J, fitting.*'®"
Recent works have also revealed variations in J, . as a function
of the spatial locations and variations with metallisation
dimensions.*®*

One major limitation of the approaches that use test fields is
that they require a specially printed metallisation pattern with
sub-regions of varying metallised fractions. This prevents the
method from being applied in regular production line
metrology. This work is based on using Fourier analysis to
extract J,. from the PLI spatial pattern without requiring
a variety of metal coverages, as originally suggested by Saint-
Cast et al.>*** The Fourier analysis exploits the spatial period-
icity in the luminescence yield to assess metal recombination
under periodic metal fingers. Saint-Cast et al.>**' converts PLI
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into spatial V,. maps by calibration with a contacted voltage
measurement. Their work used an analytical model to calculate
an estimated average PL intensity and an oscillation amplitude
based on a pair of iV,. and emitter contact J, .. Experimental
data from PL can hence be compared to the model outputs to
determine theoretical iV,. and J,. values. Their work later
focused on complete solar cells with both-side metallisation.
During PLI there are contacts on the imaging side, with a major
challenge being that some of the periodicity in luminescence
originated simply from the contact shading. Our work uses
a modified approach where single-side metallised samples are
PL imaged with the non-contacted surface facing the PL camera.
Notably, such samples are still easier to produce compared to
test fields required by other methods, i.e. simply omitting the
screen-printing step on one side. Since we then can use total
luminescence yield from the non-metallised side, our set-up
does not suffer from finger shading artefacts. As it has been
shown for other methods that the 2D carrier distribution profile
affects accurate J,. extraction,” we extend the previously
proposed Fourier method by replacing the 1D analytical model
with 2D numerical device simulations. This increases overall
accuracy by avoiding errors from model simplifications, and
also makes the method generally applicable to any device
configuration, e.g. front or rear emitter location. Furthermore,
K-space filtering is implemented in our work to enhance the
detection of the periodic metal contrast signal, meaning low J, .
results <50 fA cm~? can be extracted.

In this study, the samples examined feature standard
industrially printed and fired metal contacts on a TOPCon rear
passivation structure. We use both PC3D** and Quokka3 (ref.
23) for rapid simulation of the spatial distribution of excess
carrier densities and photoluminescence emission patterns
resulting from metal-related recombination. Quokka3 addi-
tionally accounts for the impact of reabsorption in combination
with optical filtering to increase accuracy. The spatial period-
icity in PLI data is used to isolate and quantify J, . from the
contrast extracted after Fast Fourier Transform (FFT) bandpass
filtering and noise rejection. We demonstrate that j, . can be
extracted by fitting experimentally measured metal contrasts to
simulation results with the aid of the Fourier analysis proce-
dure. We further discuss experimental parameters that impact
the efficacy of this method.

2 Sample structure and PL
characterisation

Fig. 1(a) depicts the sample structure with an AlO, passivated
diffused boron emitter front and a poly-Si (150 nm) on oxide
(TOPCon) rear, both capped with a silicon nitride surface
passivation layer. The samples are 210 x 210 mm TOPCon
wafers fabricated in 2021 with busbar-less line Ag paste metal-
lisation only on the TOPCon rear side. The metallisation was
fabricated using the mainstream screen printing and belt-
furnace firing process. We compared two groups of samples
with differences in the metal paste compositions, referred to as
paste A and paste B. Each group included 9 samples. Paste B has

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

areduced glass frit composition, designed to reduce the etching
depth during firing.

Room temperature photoluminescence images were captured
using a PL Imaging tool with 650 nm LED array as outlined in
Fig. 1(b). The silicon CCD camera used was an Apogee AltaF with
a Kodak KAF-3200ME sensor, which has a resolution of 2184 x
1472 pixels. Samples were placed on a low reflectivity black stage
(to minimise back reflection) with the metallised TOPCon side
facing down and the non-metalized emitter side facing up. A
consistent integration time of 12 seconds was used for all
images. To reduce the impact of camera sensor noise, five images
were acquired and averaged for each sample. Images were taken
at an illumination intensity equivalent to 1-sun intensity, except
when otherwise indicated in illumination tests.

Fig. 2(a) demonstrates the front view of the full metallisation
grid pattern on a wafer. A finger width of 30 pm and a finger
pitch of 1.5 mm were measured with optical microscopy.
Fig. 2(b) shows an example PL image from the region indicated
by the square in Fig. 2(a). This image covers a total of 112 rear

Fig. 2
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(a) The half-metallised TOPCon sample structure. (b) Schematic of the PL setup, the sample has the metal side facing down.

metal fingers running vertically from left to right. Among
various other dark defects, the rear metal recombination
pattern can be observed as repeating darker stripes in this
image since it produces enhanced recombination.

Recombination at the rear metal interfaces reduces local
excess carrier densities. Therefore, a luminescence intensity
contrast exists between the metal-contacted, high recombina-
tion region, and the non-contacted surfaces away from it. Such
a contrast correlates with the excess metal recombination J, . >
Jotopcon at the rear, where J, topcon indicates the recombina-
tion current density of the rear non-contacted surface. However,
considering the rough spatial sampling in our PLI setup — 78 um
per camera pixel size, the direct extraction of PL contrast
between metallised/unmetallised regions can be inaccurate.
Additionally, as seen in Fig. 2(b), pronounced PLI non-
uniformities can mask the periodic contrast from the metal-
lisation pattern. Such dark patches arise from sample handling,
with some visible wafer features, including segregation rings
and edge recombination.

(b)

(a) Metallisation grid pattern on a 210 x 210 mm wafer, (b) PL image example taken with metallisation at rear.
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Fortunately, the metal-induced pattern in PL images is 1D
periodic in nature, which means the signal has a known repe-
tition rate in the horizontal direction. This provides the basis
for employing Fourier analysis. By transforming PL data into
the frequency domain, Fourier analysis allows for isolation of
the periodic signal corresponding to the metallisation pattern,
enabling noise filtering and enhancing the detection of such
a specific metal-recombination-related contrast.

3 Fast Fourier transform and filtering

The analysis method presented in this work is based on the
mathematical Fourier transform. For digital signals with a finite
length, the relevant Discrete Fourier Transform (DFT) in one
dimension (1D) is formulated in eqn (1). This process converts
a series x,, on spatial x-domain to a complex-valued series X; in
the (spatial) frequency k-domain. The inverse IDFT process,
shown in eqn (2), converts the k-domain representation back to
x-domain. The computationally efficient Fast Fourier Trans-
form (FFT) algorithm for computing DFT is used for fast data
processing, available in tools such as the Python package SciPy.
The DFT and IDFT are given by:

N-1 ok
DFT: X =) x,e ™" (1)
n=0
1 N—-1 nk
. _ 27
mw.m_N;meN (2)

where X is the k-th element of the frequency domain series, x,
is the n-th element of the space domain series, N is the total
sample number, and i is the imaginary unit.

The process of Fourier analysis and filtering applied to an
experimental measured PL image is illustrated in Fig. 3(a-d):
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(a) Fig. 3(a) shows an example of normalised PL lumines-
cence X, along a horizontal line as a function of distance for just
one line of the PL image. Luminescence intensity counts at each
pixel of the line are normalised to the line average value to
examine any variations on a relative scale. Notable features of
the line profile include long-range variations as well as the pixel-
by-pixel camera noise (as seen in the inset zoom-in plot). These
noises are over-imposed to the periodic metal line contrast
signal and hence need to be deconvoluted.

(b) Fig. 3(b) presents the k-domain spectrum of the nor-
malised line profile after FFT. The y-axis gives the complex
modulus of the converted Fourier series X;. The x-axis gives the
symmetrical half of frequencies ranging from 0 to sampling
rate/2. The initial high value at zero-frequency X,, indicated by
the yellow arrow, is the numerical sum of the series.

When a periodic signal is operated by FFT, a series of peaks
appear at the fundamental frequency and its harmonics
(multiples). The green arrows indicate the locations for the first
3 harmonics of the metallisation spatial frequency of ~0.66
mm~" (1/spacing). As weaker peaks at higher n = 2 harmonics
can be lost to the noise floor, only the first peak is examined,
which is marked by the dashed circle in Fig. 3(b).

(c) Fig. 3(c) shows a zoom-in view of the spectrum around the
marked first harmonic peak in Fig. 3(b). The broadband noise
floor level here is significant, only positioned at 1.5 (on a loga-
rithmic scale with base e) below the peak value. Such noise in
the k-domain results from spatial domain noise, including
camera sensor noise and wafer spatial defects.

A band-selective filter window (green) is chosen to isolate the
signal at the 0.66 mm™" frequency, the metallisation repetition
rate. It is possible to define the width of the band-pass filter,
here set to be 0.04. The average noise level is obtained from two
normalisation windows (yellow) adjacent to the main window.
The noise level is first subtracted from the FFT signal, and then
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(a) Original PL counts in x-domain along a line profile in the horizontal image direction, with inset showing noised-covered periodicity. (b)

FFT-transformed line profile in k-domain. (c) A zoom-in in k-domain towards the peak at fundamental metal line frequency, with filter windows
displayed as overlays. (d) Reconstructed signal and with inset showing wave amplitude.
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the green filter window (rectangular cut-off bandpass filter) is
applied to eliminate components at all other frequencies. The
resulting noise-subtracted, FFT-filtered signal is shown in
purple.

(d) Fig. 3(d) illustrates the wave reconstructed from the
filtered signal by inverse FFT. This band-pass filtered wave
appears enveloped because of the rectangular windowing
process. The information of interest in Fig. 3(d) is the amplitude
of the oscillatory variation, which is used to calculate the metal-
induced PL periodic contrast, given by:

Metal contrast :

Aave
Chnetal = S x 100%

ave

Aave is the average amplitude of oscillations in the reconstructed
signal. It represents the average of individual oscillation
amplitudes, where each amplitude is determined by the
difference between the neighboring maximum and minimum,
as highlighted in red in the inset of Fig. 3(d). S denotes the
average signal level of the line profile, which has the value of
one 1 in this case since the PL signal has been normalised. The
percentage metal contrast Cpeta is defined as such as a key
figure of merit in our characterisation, representing the metal-
induced average variation in PL profiles.

The metal contrast of the full image can be obtained as the
average of the results from all horizontal lines. Only 1D FFT is
needed because the periodicity only exists in the horizontal
direction. Such a process applies to all PL sample images
provided they have the same metal grid pattern. In a production
line, all solar cells can hence be analysed against the same
periodicity.

4 Numerical simulation for PL metal
contrast

To establish the link between the metal recombination
parameter J,. and the abovementioned PL metal contrast,

(a)
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quantitative modelling of the spatial carrier distribution and
luminescence emission profile with J, . as an input parameter is
required. Instead of using an analytical model as in previous
works, we employ 2D numerical device simulations, which
increases the model accuracy by considering also the depth-
dependence of the carrier distribution. We use both PC3D*
and Quokka3,* which are silicon solar cell simulation programs
capable of solving drift-diffusion carrier transport in (up to)
three dimensions. They implement the conductive boundary
model where surface layers, including the thin emitter at the
front, are treated optically and electronically as boundary
conditions for the bulk. Consequently, quasi-neutrality can be
assumed in the bulk to solve the carrier drift-diffusion differ-
ential equations efficiently.>*** Both tools implement a similar
analytical optical model based on lumped internal optical
parameters of the surfaces.”*** Notably, in Quokka3, the same
optical model can also be used to simulate the reabsorption of
emitted photons, which, in combination with the consideration
of spectral sensitivity of the luminescence detection setup,
increases the accuracy of the predicted spatial PL profiles. If not
stated otherwise, the results shown in the following are
produced by PC3D.

Fig. 4(a) shows the sample -cross-section under PL
measurement with metallisation on the rear. The red dashed
square marks the 2D simulation unit cell, spanning half the
area between two fingers. Fig. 4(b) illustrates the dimensions of
the unit cell and the boundary conditions for cell simulation.
The left and right edges of the unit cell are symmetrical
boundaries. The recombination levels at surface boundaries are
defined by front surface recombination Jo front, rear TOPCon
surface recombination J, topcon and rear metal contact recom-
bination J, .. The numerical device simulation requires a full set
of parameters in addition to the surface recombination condi-
tions. These include wafer electrical and optical properties,
surface and bulk recombination parameters, and illumination
conditions. Table 1 lists the key parameters in use for setting up
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(a) Sample with simulation unit cell marked. (b) Boundaries of the unit cell bulk with dimensions. (c) Excess carrier population 2D map in

unit cell solved my PC3D for PL test conditions. (d) Normalised PL line profile of the unit cell, comparing the PC3D result with additional Quokka3

results for two different short-pass filtering assumptions.
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Table 1 Device parameters defined in PC3D simulation
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Device information n-type base doping Resistivity Thickness
4.00 x 107 ¥ em ™ 1.21 Qcm 150 pm
Bulk recombination Bulk SRH 1, Bulk SRH 7, Auger recombination coefficient
0.5 ms 5 ms 8.3 x 10 em®s!
Surface recombination Front Jo; (Jo,front) Rear Jo1 (Jo,ropcon) Rear metal (Jo )
25 fA cm™> 5-100 fA cm > (10 fA cm™ in Fig. 4(c)) 5-140 fA cm > (50 fA cm™ in Fig. 4(c))
Illumination condition Type Wavelength Generation current density
Monochromatic 650 nm 48.8 mA cm >

the simulation. Surface recombination properties are deter-
mined to match the experimentally measured full-cell perfor-
mance parameters (Vye, Jsc and FF) obtained from complete cells
that underwent the same processing route, with the only addi-
tion being the printed front silver contacts.

Fig. 4(c) presents the excess carrier population map solution
within the unit cell domain under such parameter inputs. It can
be observed that the steady-state excess carrier density distri-
bution under 650 nm illumination is spatially well homoge-
nised across the wafer bulk due to the high diffusion length,
with total variation confined in a small range: (7.28-7.44) x 10"°
cm ™. Meanwhile, the excess recombination at the metal
boundary (Jo.. > Joropcon) acts as a sink for excess carriers,
resulting in a local low concentration and inducing gradients
(steady-state currents) towards the metal.

The PL emission profile along the horizontal x-direction is
computed from the 2D carrier profile by integrating the radia-
tive recombination multiplied with an escape probability term
over the depth z, see example in.*” Such a model is built in
Quokka3, while for the case of PC3D we use a simplified
approach as given in eqn (3):

D

PL emission: PL, = J

z=0

Anx.:(Anx,z + nO) X Brad

x exp(—az)dz

(3)

where An,, is the excess carrier density at location (x, z), n, is
the equilibrium concentration, B,q is the radiative recombi-
nation coefficient, and « is the photon absorption coefficient for
the monochromatic 1150 nm wavelength representative for the
actual emission spectrum. The first two terms describe the
emission rate from band-to-band recombination. The final
exponential term accounts for reabsorption of emission from
depths z within the wafer. The value of exponential term
remains close to 1 here within depths of concern because of the
low absorption at & = 6.8 x 10> um ™', which points to negli-
gible attenuation by reabsorption at 1150 nm. We stress that
this formulation is a strongly simplified model of detected PL
intensity. A hyperspectral comprehensive expression of detected
luminescence signal includes three parts: a spectral emission
function, an escape probability function related to sample
internal optics, and an additional detection sensitivity term for
the PL camera.”®*® Such approach is implemented in Quokka3,
which we use to showcase the impact of using a short-pass filter
in the luminescence detection setup. A short-pass filter of
950 nm or 1200 nm cut-off wavelength is often added to the
standard high-pass filter that rejects visible stray light in the PL

94 | EES Sol, 2025, 1, 89-98

camera. The purpose of the short-pass filter is to provide
a smaller window of detectivity in the camera CCD, which
sharpens the image since only photons emitted near the surface
of the Si specimen are detected. We perform Quokka simula-
tions with a perfect 950 nm and 1200 nm short-pass filter,
representing the two extremes of very aggressive and essentially
no short-pass filtering.

Exemplary simulated PL profiles are shown in Fig. 4(d). The
difference between PC3D and Quokka3 results are dominated
by two effects: (i) more simplistic silicon material models are
used in PC3D, in particular band-gap-narrowing is not consid-
ered, which becomes relevant also in the bulk for such high V.
samples; (ii) more simplistic luminescence emission model
used for the PC3D results. It can be shown that PC3D results
with the simple single 1150 nm wavelength luminescence
emission model yield results very close to Quokka3, assuming
no short-pass filtering, when ensuring the same Si material
properties in both tools. Notably, the Quokka3 results in
Fig. 4(d) show a significant influence of the short-pass filter on
the PL profile. This motivates proper luminescence modelling,
which includes the spectral sensitivity of the optical detection
system for increased accuracy of the presented method. Also
note that the luminescence modelling in either case does not
consider lateral optical blurring, which is another source of
error. This is typically addressed by using a suitable short-pass
filter to only detect the wavelengths less prone to blurring.
Short-pass filtering and its consideration in the simulations is
therefore of particular importance for this method's accuracy.

5 Linking PL contrast to metal
recombination

Fig. 5(a) illustrates the PL intensity obtained from the device
simulations, where the effect of the metallisation-induced
excess recombination is evident on the unit cell PL intensity
profile. Here, the rear TOPCon surface recombination current
density Jotopcon is kept at 10 fA cm 2, which provides the
baseline against which the excess metal recombination J, .~
Jo,rorcon is measured. The plots in Fig. 5(a) are PL intensity
profiles normalised to the max value furthest away from metal,
ie. at the middle between two metal fingers. This series
demonstrates the increasing variation amplitude of PL profiles
with increasing excess contact recombination, given by Jo .~
JO,TOPCon-

To simulate a full line signal containing 112 metal fingers,
the unit cell profile is mirrored and concatenated 112 times.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) Normalised PL intensity line profile series in the unit cell, with a Jo topcon = 10 fA cm™2, and varying excess Jo,c—Jo,topcon (b) PL metal

contrasts extracted by FFT vs. excess Jo,c—Jo Topcon-

The same Fourier analysis process applied to the experimentally
measured image lines is used for the simulated lines, allowing
for the extraction of metal contrast values following the same
route. The red curve in Fig. 5(b) depicts metal contrasts as
a function of excess Jo =/ Torcon fOr a baseline J, ropcon Of 10 fA
cm 2. The relation is nearly linear within the Jo,c~Jo,ropcon = 0~
40 fA em~? range, with a Pearson’s correlation coefficient p =
0.99998. This points to a simple correlation between contrast
and excess metal recombination.

The rest of the curves in Fig. 5(b) represent different baseline
Jotorcon conditions. Comparison of these curves reveals that
higher baseline surface recombination levels reduce the
contrast from metal recombination. This is intuitively evident
since the worse the recombination of the free surface, the less
difference between the carrier densities under the contact and
under the non-contacted region. Hence it is important to
establish the baseline J, topcon before contrast calibration, as it

(a)

impacts the correlation between contrast and excess metal
recombination in our methodology. In the ESI (Fig. S1),T we
show that the overall average PL intensity from PC3D simula-
tion has a strong dependency on TOPCon baseline surface
recombination J, topcon- On the other hand, the average PL
intensity is minimally influenced by the excess J, . within the J; .
range of our concern (Fig. S1t). Therefore the J; ropcon Of indi-
vidual samples can be correlated to their average image lumi-
nance. Following this, the relationships between metal contrast
to the excess Jo «~Jo,ropcon €an be interpolated from Fig. 5(b) for
individual samples based on their baseline J,ropcon values.
Such relationships are then used to estimate the J, .~Jo,ropcon,
and therefore J, , for each half-metalized sample in this study.

Fig. 6(a) presents the estimated baseline J; ropcon and Joc
values for the two experimental groups. The two groups share
same pre-metallisation surface passivation, with an all-sample
average Jortopcon Of 10 fA em ™2 The error bars of the J,

60
Paste A PL counts
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0 [ 1Jo Quokka 950nm
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5
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Fig. 6

10 mm

(a) Estimated baseline Jo topcon Values, and Jg . values extracted using both PC3D and Quokka for metal paste A and B. (b) PL image

examples from a paste A sample a paste B sample, on same colour scale, enlarged to demonstrate the difference in metal line contrast.
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numbers indicate the standard deviation among the 9 sample
values within each group. The results confirm that, while both
groups share a similar baseline Jo ropcon Values, the samples in
the paste B group have significantly lower J, . values at 22 fA
cm ? when compared to the paste A group at 38 fA cm 2.
Additionally, enlarged original PL images from a paste A and
a paste B sample are shown on the same colour scale in
Fig. 6(b). It becomes evident from the comparison that the
metal contrast from paste B is weaker than paste A, which gives
rise to the difference in J, . results. This finding underscores the
efficacy of paste B's design in minimising surface damage
during firing. Also included in Fig. 6(a) are the results using
Quokka3 with different short-pass filter assumptions, as
explained above. Quokka3 results are considered overall more
accurate due to more detailed silicon material models, and
highlight again the impact of considering short-pass filtering
within the simulations.

For ease of application, PC3D and Quokka3 simulation files
and python scripts for Fourier interpretation of simulation
results and PL images are attached in ESL.{ Similar contrast vs.
Jo,c relations can be obtained for customised samples. We
recommend caution in determining/assigning the non-
contacted surface recombination value (Joropcon) because of
its high relevance to the final contrast.

6 Discussion

Effective implementation of our J, . analysis method relies on
the accurate extraction of the metal contrast from the peak in &-
space. Under the image acquisition conditions used here,
featuring a high noise floor, peak extraction is prone to losses
when the metal line contrast is weak due to low signal-to-noise
ratios or small excess Jo . This issue can undermine the effec-
tiveness of our noise filtering process and compromise the
certainty in contrast quantification. Due to the necessity for
a clear signal peak at k-space above noise floor, or equivalently,
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Fig. 7
(b) Normalised metal contrast extracted via FFT vs. sampling rate.
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a high metal contrast, it is useful to identify the experimental
parameters that may enhance the measured metal contrasts.

We first examined the relationship between varying illumi-
nation intensities and metal contrast. Experimental data
points for one representative wafer sample are given as the red
symbols plotted in Fig. 7(a). This data indicates a trend that
metal contrast increases with illumination intensity. Com-
plementing such an observation, PC3D simulations were con-
ducted for an illumination intensity sweep, showing metal
contrasts from FFT analysis at varying illumination intensities.
The simulations, illustrated as the line traces in Fig. 7(a), show
the contrast vs. illumination relation under different J, .
scenarios (with the same baseline J, ropcon = 10 fA cm ™ ?). The
simulation results corroborate the experimental trend that
higher illuminations lead to enhanced metal contrasts under
all metal recombination scenarios. Therefore, higher illumi-
nation is helpful in improving signal clarity for such Fourier
analysis method.

This trend can be linked to the injection dependence of
lifetime observed on the samples. Surface recombination can
become an increasingly important component limiting lifetime
under higher injection conditions. The PC3D breakdown of
total recombination in ESI Fig. S21 shows that, for an exemplar
setting with a rear Jo ropcon = 50 fA cm ? and Jo . = 10 fA cm 2,
the proportion of rear surface recombination increases from
25% to 28%, at illumination ranging from 0.05 suns to 2 suns.
In such cases, using higher illumination levels enhances the
prominence of rear surface metal features (o . > Jo,ropcon) inl the
spatial distribution of carrier density, thus improving the
detectability of such features.

It is also evident in Fig. 7(a) that the changes in measured
metal contrast under different illumination conditions do not
align completely with the simulated trends with fixed jo .
conditions. This discrepancy may arise from potential changes
in Jo . across different injection levels. It can also arise from
variations in the noise level in PL images captured under

(b)
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varying illumination. The high noise level, especially in low
illumination images, can impact the effectiveness of the FFT
signal filtering process. Such results suggest the limited appli-
cability of the current method under different illumination
conditions, indicating the need for further investigation in
future work.

Additionally, we explored the impact of camera resolution on
metal contrast. The camera resolution in the horizontal direc-
tion (the long detector axis) determines sampling rate of the line
profile, which dictates the sampling interval both in x-space and
k-space. To evaluate the effect of sampling rates, we used
a range of sampling intervals (corresponding to the sampling
rate from 2 to 18 mm ') to sample a near-continuous PC3D
generated full line profile. We then carried out the FFT analysis
following the same k-space filtering procedure on the sampled
signal. Fig. 7(b) shows resulting metal contrast plotted as
a function of sampling rate given in mm . The contrast on the
y-axis is shown as normalised values to the contrast at a stan-
dard sampling rate of 12.8 mm™", which is a close match to the
operational camera rate (indicated by a blue line) with a hori-
zontal resolution of 2184 pixels. The theoretical minimum
Nyquist rate for sampling the metal pattern with 112 fingers is
marked by an orange line. Loss of information can occur with
inadequate sampling as shown on the left half of the curve. The
curve also shows that while the contrast sharply increases above
the Nyquist low limit, it plateaus at higher sampling rates,
indicating minimal gains beyond the current sampling rate.
This relationship reveals the sampling requirement for effective
assessment of metal contrast.

7 Conclusions

In this work, we have demonstrated an effective and versatile
method for extracting contact recombination J, . from photo-
luminescence images of single-side metallised TOPCon wafer
samples, without the need for specially designed metallisation
geometries. The key to this method is exploiting the periodicity
of the metal grid for isolation of the metal contrast signal in the
k-space after performing Fast Fourier Transformation (FFT).
Noise normalisation and filtering can be implemented as part
of the Fourier analysis process, vastly enhancing the ability to
extract information out of in-line PV manufacturing metrology.
Numerical device simulations are used for modelling 2D carrier
profiles and corresponding PL intensity profiles within a local
unit cell. Interpretation of full-line simulation results via the
Fourier analysis procedure demonstrates a linear-like relation
of /o and PL metal contrast. The relationship is employed to
estimate J, . from images gathered from sample sets fabricated
using two different metal pastes. The results demonstrate that
using this method, TOPCon metallisation J, . levels as low as 22
fA cm™? can be extracted, indicating potential applicability on
up-to-date passivated contact structures. Specifically, J, . values
of 38 fA cm ™ * and 22 fA cm > were found for the two sample sets
based on the assumption of a J, ropcon Of 10 fA cm 2, showing
a reduction of metal recombination with the modified paste B
composition. We highlight the influence of short-pass filtering,
which should be included in the simulations for increased

© 2025 The Author(s). Published by the Royal Society of Chemistry
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accuracy. Furthermore, the impact of illumination intensity and
camera resolution on measurable metal contrast was investi-
gated. We show that increasing illumination and camera
sampling rate are beneficial to the efficacy of the Fourier anal-
ysis process. The insights of this work can benefit both PL
imaging analysis and characterisation of contacts, both of
which are key tools for the further optimisation of future solar
cell designs.
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