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Abstract

Traceable parameters for determining the relationship between’texture, form, sizes and resistance
behaviour of functional surfaces’ features, such as'screen-printed electrodes with grids of different design
either on c-Si photovoltaic cells and on a ceramic substrate, are studied in this work. Test samples with
electrodes of various sizes, suitable to study surface.features in a wide measurement range, have been
characterized by optical-confocal profilometryrand by resistance measurements with dense data sampling.
Quantitative measurements of these printed lines in terms of descriptors like the cross-section area and its
variations along the segment, and of the top-profile roughness, scaling of roughness, and fractal dimension
are presented and discussed either for photovoltaic cells and test structures. A good agreement between the
resistance calculated from optical-baséd 3D morphology measurements and local resistance measurements

on these electrodes is demonstrated.
N

1. Introduction

The characterization .ofrengineered surfaces on highly-parallel manufacturing is a key point to enable
quality control towards ever higher production volumes and at ever higher production speeds. This is why
inline controls become achallenge, and the feasibility of correlating morphology to functional properties of
engineered surfaces is of great importance today [*].

Solar cell manufacturers constantly increase efficiency (i) by printing narrow finger in order to limit the
shading effects on the photoactive surface and (ii) by improving their metallization processes, trying
simultaneously to reduce paste consumption for saving processing costs [2]. To date, the screen printing of
electricront contacts has got very high throughput (one cell is printed in a few seconds), with expected
further increments of the wafers per hour by the continuous improvement of manufacturing processes [3].
Double-printed/front contact fingers on crystalline silicon (c-Si) are now made with narrower width, thus
reducing shading losses on solar cell, compared to single printing configuration [*]. Thanks to such steps, it
has beenidemonstrated 0.46 % absolute cell efficiency gain and up to a 10 % reduction in consumption of
silver printing paste [2].
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Screen printing is widely used for metallization of solar silicon cells in today's production, providing
superior economic benefits, extendibility to multiple cell designs, and continuous improvements in terms of
consumables and equipment [*]. Pasta suppliers have played a crucial role over the last ten years to ensure
better cell performance at a lower dollar-per-watt cost, obtaining additional cost savings and improving cell
efficiency. The metallic contact formation by screen printing is related to the composition of the paste,that
influences the resistivity, and to the thermal process, that promotes the sintering of the metal with the silicon
or, in the case of heterojunctions, with the transparent conductive oxide (TCO). Generally, each cell
manufacturing process should be performed at a temperature equal or lower than that of the deposition of
the amorphous layers that compose the emitter. For this reason, the metallization of heterojunctions for
screen printing must be performed at a maximum temperature of 850 °C (firing); it isimportant to note that
ohmic contact, metal conductivity, and aspect ratio (height/width ratio) of the grid.depend.on the properties
of the used paste and from the printing process [°].

Therefore, it is a fundamental priority to study the optimal performance of ’Qe electric contact grid
(formed by busbars and fingers) as a function of cell efficiency, that depends on functional parameters [®,7,
8], such as the line resistance. Resistance measurements are slow to perform due tosurface-probe contacts,
while 3D topography parameters are significantly faster by non-contact optical. measurements. Considering
a real scenario where screen printed features rarely have an ideal rectangular shape, trapezoidal cross-
sections are used for a more realistic modelling of the fingers {°]. Quantitative measurements of surface
roughness/texture play a significant role in the analysis of engineered functional surfaces ['°]. Roughness
influences mechanical properties of materials, while texture_determines the reliability and/or functionality
of manufactured goods ['!]. Alongside applications in mechanicg, optics, electronics and precision
micromechanics electronics, new and stringent measurement requirements are highlighted for texture
analysis in the parallel manufacturing of functional surfaces. These measurement requirements have
stimulated the extension of the normative regarding, surface metrology. Measurement instruments,
reference samples, parameters and curves feature in the roughness/texture are subjects of profile and areal
parameters (ISO 4287 and ISO 25178 undeér development) [*2,23], and of ISO 5436 (height parameters) [**]
written standards, which take part of the geometrical product specifications (GPS) system.

Advanced technologies under development for reconstructing topography of large areas with good speed
would make profit of a well-establishedipanelof traceable parameters correlating morphology and functional
properties of surfaces [*°]. In this framework, test cases representing printed linear conductors (PLCs) are
assumed for this study. Correlation’between morphology and line resistance of fingers of PV cells and test
structures is discussed with the aim of highlighting well-identified morphological parameters suited to
printed conductors in solar cells production. In order to compare features of fingers printed on different
supports, samples of PV standard cells'on silicon, PV heterojunction bifacial cells and test structures with
fingers of different width-printed on aceramic substrate, have been tested.

2. Materials and Methods

2.1 Instrumentations and set-ups

Interference microscopes make use of the so-called phase-shifting interferometry (PSI) and vertical
scanning interferometry (VSI) techniques for areal surface topography measurements of smooth and rough
surfaces. Among others, chromatic or intensity confocal are also powerful imaging methods for areal and
profile surface’ measurements. Most of these imaging technologies are now available in instruments
operating with complex algorithms and on-board metrology for the different methods, thus requiring a well-
established procedure for the calibration of the instrument.
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The instrument in use at INRiM is a Sensofar PLu 2300 optical profiler, which allows for PSI, VSI, and
intensity confocal imaging modes with objectives from 5X to 100X, and with a phase-grating displacement
transducer coupled to the vertical axis and a piezo-resistive sensor inside the objective moving stage. The
profilometer lies on a Halcyonics Micro 60 antivibration table, this last placed on a high-performance optical
table with laminar flow isolator supports. In-situ calibration of the vertical axis of the instrument is. performed
by an interferometer set-up, while magnification (pixel size, squareness) of the objectives is determined by
2D gratings calibrated by an optical diffractometer.

3D images of fingers, taken with a 50X objective, are approximately 250 um x 250°um side, therefore
reconstructing surface morphology of up to a few millimeters segment requires stitching of,.at least 10
images. Mosaic of images is provided by the profiler itself, whereas image analysis is'based on metrological
software tools [, 1], by which the top longitudinal profile and cross-sectionfarea (CSA). of fingers are
analyzed in terms of roughness and waviness parameters.

The PV cells are placed on a universal substrate sample fixture (USSF) [*?],.a tool designed for multi-
purpose inspection of large-area topography and functional performance measurements on thin and flexible
substrates. This set-up incorporates a universal base plate for permanent installation, kinematic locators and
semi-disposable substrate clamps, designed to transfer an absolute coordinate system with a lateral
repeatability of few tens of um between multiple probes/tools. The USSF is used in this study to enable
repeatable collocation of topography and resistance measurements.

' busbar

' AL

Hi Sense  Hi Input |

Multimeter

Low Sense Low Input§

A tip probe

Figure 1 Global connectien locations of thexd-wire like resistance measurements set-up.

Resistance measurements made userof an Agilent Keysight 3458A multimeter. As sketched in Figure 1,
there is one metallic tip probe contacting a busbar and another one contacting a finger, each tip probe
connected to current-carrying and/orwoltage-sensing terminals of the multimeter. In 4-wire resistance
method, a known current is proyided.through the unknown resistance being measured by the voltage drop
across it and by the feed current\[*]. This set-up allows more accurate measurements for low resistance
values, because current and voltage electrodes are separated minimizing the effect of lead resistance. Values
of resistance, by a fixed reference electrode connected to a busbar and a working electrode moving along
the finger, are taken atgiven pasitions along the segment to be measured. The moving probe is mounted on
the objective revolver of the profilometer, by which it is driven at contact with the finger. The electrode
approaches the surface until'an early electrical contact is achieved by the multimeter readings; then, the
resistance is measured by loading of about 0.15 N the retractable elastic tip to get a good contact. A tip-
sample elastic.deformation of about 45 nm is calculated with the applied load [%,2°,%1]. With our 4-wire like
set-up, the/resistance of connecting wires is minimized but the contact resistance between electrodes
(metallic tips)and printed busbars or fingers remains and contributes by a constant term.

2.2 Test.cases description

Different samples are studied, in particular test structures with PLC on alumina substrate, p-type standard
¢-Si‘solar cells, and n-type heterojunction bifacial cells. In the following are reported the results achieved

3
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with samples from these lots. It should be noted that these results well represent the other samples of the
same lot.

The grid of these specimens has a different design, that led to slightly change of the equivalent circuit of
parallel fingers (section 3.1.2).

’
AR i

B S ,"ﬁ;iwi' I
I &

b3 ! ! \
i i e e

15 20 25 30 35 40

Figure 2 Sketch (a) and photograph (b) of the test structure on a ceramii

Test structures with busbars and fingers of va and thickness) on a ceramic substrate of
150 mm x 150 mm x 0.5 mm have been provided b Materials Italia, that designed the test pattern
layout for screens manufacturing and pri i strates. Their grid’s design (Figure 2) drawn by 3

busbars and 60 fingers with nominal width
cells, fingers are connected to the grid between
3 are deliberately open; in this way, sh fingers are connected only to one busbar with the aim of avoiding
the influence of parallel fingers on r easurements. These fingers are named as “open fingers”,
while those connected both sides to grid are named as “continuous fingers”.

15 pm up to 40 um. As in the layout of all solar
r 1 and busbar 2, while between busbar 2 and busbar

156
X mm
1.53
mm
Y
7/
20 mm 20 mm
Y —r |
| | v
(q) " Busbar K L M (b)busbar J K L M

Figure 3 (a) Not to scale sketch and (b) electroluminescence image of a p-type standard c-Si solar cell.
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In Figure 3 (a) is given the sketch of a p-type standard c-Si solar cell (156 mm x 156 mm x 0.18 mm), that
takes part of a lot of 20 cells having a grid design with fingers in pairs between busbars, and pairs are
connected to each other at their mid-length. Electrical contacts on crystalline silicon cells are obtained by
single print passing a Heraeus 9642B paste on a stencil with 101 fingers. The contacts thus printed are
undertaken to a firing process for 1 minute at the temperature of 850 °C. Figure 3 (b) shows»an
electroluminescence (EL) image taken at Applied Materials Italia by using an infrared camera with a
resolution of 320 pixels x 240 pixels; the EL image is obtained by fixing the voltage and varying.the current
through the cell.

This lot of standard c-Si PV cells have been manufactured and tested by Applied Materials ltalia providing
a statistical study of thickness, width, aspect ratio and roughness of their fingers. Then, measurement runs
have been performed at INRIM to investigate morphology and resistance of a number of finger segments,
identified by the capital letters in white in the EL image. It is worth noting that local change of contrast in the

EL image may identify the presence of local defects. —
A A
156 - 156
S mm — LA X mm
1
1.53 1 N 077 mm%$ )E
40 mm mm N\ < >
~ |~ ~L_ 40 mm |~
\l 1 v 1 T v
(a) busbar J K L M lb) busbar J K L M

Figure 4 (a) Front-side and (b) back-side nottexscale design of the grid of a n-type heterojunction bifacial cell.

Figure 4 shows the grids of the twa'sides of a n-type heterojunction bifacial cell (156 mm x 156 mm x 0.18
mm). The front-side grid has 4 busbars and,. 101 fingers, while the back-side has 200 fingers. The electrical
contacts are screen printed on both sides, by'means of an automatic screen printer using a wire diameter of
16 um and a screen with 325 mesh; the printing direction is parallel to fingers with 200 mm-sec printing
speed. After that, they have undergone a curing process of less than 800 °C for 3 seconds, using an oven by
Applied Materials Italia. This new type of solar cells will be used in solar module, where the front side is
directly exposed to the sun; while theback side requires more fingers because it collects the radiation
backscattered, e.g. from a wall. Thanks to the collection of the scattered light, this technology enhances the
efficiency of about 10 %‘compared to current technologies, where this diffused radiation is not collected.

3. Results and'Discussion

3.1 Surface-function models

3.1.1_. Topographic analysis

Previous measurements of PLC’s morphology [*%] by optical non-contact have shown a good agreement
of results with those by stylus profiling, that is the classical reference technique for topography and
roughness data in the microscale of touchable surfaces. This allows to perform faster and robust
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measurements using non-contact instruments, thus reducing analysis time permitting in the future to the
manufacturing industries to perform next-to-line control.

In order to determine top roughness and sizes (height and width) of screen-printed fingers, high resolution
3D surface topography (about 3 100 pixels/mm) is reconstructed using an intensity confocal profiler with a
50X objective. Figure 5 shows a 3D view of a 5 mm finger segment reconstructed by the stitching of 25 images
(with an overlapping area between each image of 20 %) using the own control software (SensoScan 2300) of
the instrument. 3D images of segments from 2 mm to 5 mm lengths with about 3 100 pixels/mm are taken
and compared to achieve consistent texture data (roughness and waviness) at different evaluationilengths.
Texture components and roughness parameters are extracted from the longitudinalsprofile of the finger,
while shape and sizes from their cross-sections.

0

Figure 5 3D view of a 4 mm length of a finger on the bdck side of a bifacial cell.

The mean height of fingers is extracted from the cross=section profile at each pixel of the segment length,
by using a step-height software tool [®]. Assuming a trapezoidal-based model of the finger cross-section area
[°], a new morphological descriptor CSA is‘identified.to represent the morphology of fingers, and therefore
also the grid printed quality. The isosceles trapezoid approximation is fairly well representative of the finger
section as reconstructed by optical profiling. Furthermore, it helps to reduce errors from spikes and local
optical effects at finger sides. In equation (1) is reported the CSA at the i-pixel of the segment length, where
W is the base width, t is the thickness and O is the side slope (Figure 6).

_ tr
CSA; = (Wf Tond) (1)

height [pm]

0 60 120 180
width [pm]

Figure 6 Trapezoidal shape approximation of the cross-section area.

Theaim of this study is to correlate morphological features to the resistance of the finger segment, namely
to underpin topography-based calculated resistances from direct resistance measurements. The resistance
can bercalculated from the sum of the resistance R; of the elementary segment length dl by the second
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Ohm'’s law in (2), where CSA; is the cross-section area at the i-pixel and py is the gridline resistivity, which
is assumed of 2.7 - 108 Q-m in accordance to available data for silver paste [°, 23].

dl
R; = pr oA, 2)

3.1.2 Resistance analysis
An equivalent electrical circuit of the grid layout is needed to quantitatively ‘@nalyse thenresults of
resistance measurements along the segment of a finger. The model reported in [?%] is valid.for the specific
design of the p-type standard c-Si solar cell, while it has been slightly modified for the layout of the ceramic
test structure (Figure 2) and for the bifacial cell (Figure 4). This is due to the fact that in the cells of Figure 3
the fingers pairs are interconnected at their mid length.

busbar K " busbarL

Rag Rt

)
Ry» Rp»

LS, LI \HS, HI HS, HI

Figure 7 Sketch of the equivalent circuitg@ssumed for grids of classical layout, e.g., bifacial cells and ceramic test structures
(continuous fingers).

A simplified equivalent circuit.of the 4-wire like resistance measurements of cells with classical grid design
is sketched in Figure 7, where the Low Sense (LS) and Low Input (LI) reference electrodes are connected to
each other at the tip pointing the busbar K, while the Hi Sense (HS) and Hi Input (HI) electrodes are connected
to the tip moving along the finger segment to be measured.

The resistance R, /in the equivalent circuit in Figure 7 represents the resistance of the segment Ly,
(between the reference probe on the busbar K and the sampling point of the moving probe along the segment
to be measured), and Ry the resistance of the complementary segment Ly toward the busbar segment L
(note that the finger length is the sum of L, and Lg). Ry is the resistance in series mostly due to the contact
resistance of thentip probes with the grid, which is still present in our measurement set-up. R, is the
resistance in parallel by all the fingers connecting busbars K and L and the remaining part of the grid. Minor
contributions are estimated from the parallel of fingers connecting the busbars J-K and L-M (Figure 4) in
parallel with a busbar (the larger the width, the lower the resistance of lines having same thicknesses), and
from the resistance of the semiconductor substrate. This last comes from an initial estimation based on the
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available PV semiconductor data, further strengthen by comparing resistance measurements based on the
simplified circuit either on fingers on PV cells and on test structures on alumina.

The resistance Ry measured at a given point 1 of the finger segment (Figure 7) is described in equation
(3), and is given by the parallel of the resistance R4 of the segment L4; and the sum of the resistance of the
complementary segment Rg; and the parallel resistance R, plus the contact resistance Rs. In a.similarway;
the resistance measured at the point 2 of the finger segment is described in equation (3) as R3.

R, = Rs + Ra1 (Rp1tRc) R, = Rs + Rz (Rp2+Rc) (3)

Ra1+RB1t+Rc Rp,+Rpy+Rc

From equation (3) the terms without the influence of the grid parallel and the series resistance (R4, and
R, ) are extracted, and the resistance of the segment 1 — 2 is calculated by the difference R = Ry, — Ry,
named in the text as “measured resistance”. As a first approximation of equations (3), the mean resistance
of a finger segment is assumed equal to that of other segments of the same length. This assumption does
not prevent to correlate the measured resistance with the “calculated resistance”, tQa\t is the line resistance
calculated as the sum of the elementary resistances in equation (2) along the sampled segment.

3.2 Morphological parameters

Surface characteristics influence the behavior of the material, and they strongly depend on the chemical
and physical mechanisms involved in the fabrication process. Morpholggical parameters are studied in order
to describe the morphology of the top of the finger and quickly identify the goodness of a screen-printed
grid. Good printing quality includes that all structures are printéd as planned, and so fingers must have
homogenous thickness and width, and do not present damages or interruptions.

3.2.1 Top-roughness profile

3D morphologies reconstructed from stitched images are undertaken to the filling of non-measured
points by a smooth shape calculated from the neighbors, and to the removal of the mean slope of the entire
image. A first analysis consists in extracting the central profile along the longitudinal top surface of the finger
and calculating its spatial frequency spectrum. As expected, components of the same wavelength may easily
be identified by the spectrum of top‘profile and of the CSA profile, which may reach in agreement the same
information.

2D profiles of the finger.top are evaluated in terms of classical roughness parameters [8,*] and of the
fractal dimension. The @verage roughness R, is the profile deviation from the mean line of the finger top
roughness profile calculated along L, that is the sampling length that corresponds to the high-pass filter cut-
off value A, appliéd to the finger primary profile. However, R, is not sufficient to completely define the
morphological characteristics of the surface, as profiles with different trends may have the same arithmetic
mean deviation. For this.réason, we study the root-mean-square (rms) roughness R, that is more sensitive
to the presence of péaks, also identify by the maximum height of the roughness profile R,.

In addition, R, is‘calculated at different cut-off lengths L up to the total profile length of the segment
analyzed, as the rms roughness scales by R, o L* with the sampling length L, namely at shorter
wavelengths. As shown in Figure 8 (a, b) for an open finger on the test pattern on alumina, the scaling factor a
is given by the slope of the log-log plot of R, at short cut-off length L. Then, R, smoothly increases at longer
wavelengths. The parameter a permits to quickly identify the trend of the rms roughness, namely the range

of dominant wavelengths of texture at short and mid-scale lengths.
8
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32 Figure 8 (a) Rq at different cutoff lengths L of the top profile of an,open finger with nominal width 35 um on the ceramic substrate.
33 The dashed line represents the regression line at short cutoff lengths.
34 (b) In(Rg) vs In (L) plot calculated up to 0.4 mm of the cutoffilength.on an open finger with nominal width 35 um on the ceramic
35 substrate. The'slepe represents the Rq scaling.
36 (c) Ra, Rq and Rz of the finger top atsegments 4 mm long on ceramic substrate.
37 (d) Rq and its sealing vs nominal width of fingers on ceramic substrate.
38 The error bars refer to expanded uncertainty, and-thebold line refers to continuous fingers, while the grey line refers to
39 open fingers.
40
41 . . . ,
42 Figure 8 (c) shows a comparison between roughness parameters of continuous and open fingers on test
43 pattern on alumina, and it should be noticed that they do not change in a significant way between fingers of
44 different nominal width. Minor variations of the roughness parameters may reflect local changes between
22 the observed segment, not.always representative of the full grid. Meanwhile, screen-printing technology
47 does not make evidence of roughness-related issues when printing narrow fingers down to a few tens of
48 micrometers. The roughness parameters R,, R, and R, in Figure 11 (c) and (d) are calculated for an
49 evaluation length of 4 mm and'a cut-off length L = 0.8 mm [**]. Figure 8 (d) compares R, and scaling a as
5(1) calculated for open and continuous fingers, and it can be seen the same variation trend. The error bars in
gz these plots referto the estimated relative expanded uncertainty of roughness parameters, that is of 3 % for
53 R, and Ry, and of 5 % for R,.
54
55
56
57
58
59
60
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Figure 9 Scaling of Rq and fractal dimension vs. nominal width of continuous fingers on the cerami€ test pattern-The error bars refer
to expanded uncertainty, and the black line refers to fingers connected to the grid, while the grey line\™ refers to open
fingers.

~

In order to better understand texture and morphology aspects with high precision’and low computational
time, another parameter studied is the fractal dimension F of the finger top-profile. This non-dimensional
parameter relates to complexity and self-affinity of surfaces, stating that the surface can be divided in
subunits that exactly or statistically resembles the whole structure.” A,small fractal dimension value
corresponds to a locally smooth surface structure, while a larger value of fractal dimension corresponds to a
rougher morphology [%°]. As demonstrated in Figure 9 the fractal.dimension F and the roughness scaling
factor a values agree quite well with their relationship given by @ ~2 & F , or otherwise by the rms method
Rq o« LZ—F [27].

Table 1 shows roughness and fractal dimensions inbifacial'cells and on the flawless sampling positions of
the p-type standard c-Si cell, and in general it can be stated that defectless fingers have a values of about
0.8, F values of about 1.2 and R, values of about 3 um. For defected finger, it should be noted that all values
are greater compared to those of flawless fingers. Table, 1 gives also the wavelength of a common main
component of top profile, by which a better insight of the printing process is expected. A principal wavelength
component of the finger texture of about 120 um is‘calculated for the test pattern on alumina, while the
screen print mesh size is of about 140 um for bifacial and standard cells, and it is higher for defected fingers.

Table 1 Rq (at A, 1 mm), scaling of Rq and fractahdimension F for fingers on ceramic substrate, on a central finger on front and back
side of the n-type heterojunction bifacial cell, and-en'@flawless (position A) and defected (position B) finger segments of the p-type
¢-Si cell of standard design.

test cases test pattern on heterojunction cell standard c-Si cell
segment alumina front side ‘ back side A ‘ B
nominal width [m] 30 35 32 50
Rg [um] 1.59 2.04 2.89 3.20 3.02 3.46
scaling a/(§& devi)of R 0.62 0.70 0.98 0.87 0.85 1.11
& T a (0.04) (0.05) (0.05) (0.04) (0.05) (0.06)
fractal dimension F 1.24 1.20 1.14 1.31 1.20 1.43

wavelengthlof a common
main,component of top ~ 120 ~ 140 ~ 140 ~ 200
profiles [um]
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An extended analysis of morphological parameters (width, thickness, top-roughness and aspect ratio) is
reported in Table 2, together with their experimental standard deviation. Table 2 gives evidence of a good
agreement of independent results, performed by Applied Materials Italia in five cells in 56 areas and by INRiM
in five areas of one cell, including also segments with possible local defects, on the same lot of p-type
standard c-Si cells. It is worth noting that a satisfactory (acceptable) value of aspect ratio (height/width ratio
of the finger), a topic issue to have good conductivity and reduce shadow losses on c-Si cells, is achieved, [*].

Table 2 Comparison of top roughness and mean sizes of fingers by measurements at INRiM (1 cell) and"Applied Materials ltalia (5
cells) performed on the same lot of p-type standard c-Si cells. The values in brackets refer to standardhdeviation:

INRIM Applied Materials‘ltalia
number of sampled fingers 5 56
mean width [um] 48.6 (6.7) 43.44(2.3)
mean thickness [um] 11.6 (3.8) 13.0 y
aspect ratio [%)] 23.8(0.4) 29.5
R, [um] 1.8 (0.4) 1.4
R, [um] 7.4 (1.1) 6.7
Rq [um] 2.1(0.4) -

3.2.2 Cross-section area profile

The local values of the cross-section area along the segment of a finger are assumed to form a 2D profile
of a quantity called CSA over the length [ of the segment. Again, a trapezoidal shape of the cross-section
area is assumed as given in the equation (1), and sizes;and slopes of the trapezoid are determined at each
pixel of the 3D reconstructed finger segment by using the “I1SO 5436” tool of SPIP.

Waviness parameters provide a consistent way to analyze the profile of the CSA along the finger segment.
The subscript A is used in the following to'indicate the parameters dealing with the cross-section area. A cut-
off value A¢ of 0.25 mm, larger than the dominant wavelength of finger top profile, is assumed. The first
parameter studied is the total heightiof.cross-section area profile W,t. The larger the W,t, the larger is the
difference between the maximum and minimum values of the CSA; if this value is high, it quickly allows to
understand the presence of defects'or bottlenecks in the finger (and so the quality of the printing process).

Besides, the skewness Wy sk, that relies on the symmetry of the waviness profile respect to the mean line
of the cross-section areazand thekurtosis W, ku, that measure the sharpness of the waviness CSA profile,
are calculated and givenin Table3.

For electric grids applications, it is preferable to have W;sk > 0, because this indicates that few valleys
are present in the £SA profile;and so there are not bottleckness and/or interruptions. Furthermore, W, sk >
0 gives an idea of the segment resistance, that is low if the finger is homogeneous.

For what concern Wyku, this value is critical if is < 3 (because there is a great data variability compared to
the average'value), while if it is equal or greater than 3 almost all data are around the mean waviness value,
so the peaks and valleys are very sharp [*].
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Table 3 Cross-section area profile waviness parameters for fingers on ceramic substrate, on a central finger on front and back side of
the n-type heterojunction bifacial cell, and on a flawless (position A) and defected (position B) finger segments of the p-type c-Si cell

of standard design.
test cases test pattern on heterojunction cell standard c-Si cell
segment alumina front side | back side A B
nominal width [um] 30 35 32 50
Wyt [um?] 13.8 9.7 135 9.7 107 14.7
Wysk 0.7 0.4 1.7 0.3 0.1 0.1
Wyku 5.3 3.0 5.4 1.8 2.9 2.6

Table 3 compare CSA waviness values for the test cases studied, and it can'be noti{ed that the mean value

of Wyt is about 12 um? The CSA waviness skewness is close to O except for the front-side of the
heterojunction cell, which show also high values of CSA (Table 3), CSA waviness skewness and CSA waviness
kurtosis. W ku is greater than 3 in all cases, except for the standard c-Si cell.

roughness total height and waviness total height
of the CSA profile [um?]

(a)

Figure 10 Parameters of the CSA profile of fingers on ceramic substrate: (a) roughness and waviness total height Rat, Wat; (b)
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skewness and kurtosis of waviness Wask, WakuaNote that thick dashed lines in (b) are made for the mean values of Wask and W aku.

The error bars refer to standard deviationg anMe blackline

refers to open fingers.

refers to fingers connected to the grid, while the grey line

Figure 10 compare waviness parameters of CSA of fingers on alumina substrate, showing W,t ranging
from about 5 um? to 20 um?, W, sk always with positive values indicating the presence of more peaks than
valleys in the waviness profilepand W, ku minor than 3 for thinner fingers. In general, it may be noticed that
the W, t and W, ku values for nominal widths of 15 pm and 20 um differs from that of higher nominal widths,
underlying the inhomogeneities present in the thinner fingers. Furthermore, Figure 10 (a) shows that the
roughness total height.of the CSA profile Ryt and the waviness total height of the CSA profile Wyt have the
same trend.

3.3 Experimental results

3.3.1

Morphology by 3D optical imaging

12
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3D morphology of fingers is reconstructed by using a Sensofar PLu 2300 optical profiler operating in
confocal mode, and by image stitching driven by the instrument. These images, processed using SPIP soft
tool [Y7], are first undertaken to the interpolation of non-measured points by the mean calculated from the
neighbors, and to the levelling by removal of the mean slope of the entire image. Subsequently, local
variations of the cross-section of fingers are determined in terms of the mean height, top and bottom width
by the 3D morphology, as reconstructed at each longitudinal pixel of the imaged segment. These local sizes
are calculated by using the ISO 5436 software tool of SPIP [*7].

A relative expanded uncertainty of about 15 % is estimated for the mean CSA of defectless segments
reconstructed by 3D optical confocal imaging. Main contributions each of up to about 5 % relative standard
uncertainty of the CSA come from the finger sizes (thickness, width and slope) and from.the reconstruction
errors due to void pixels, which may cause a somewhat large deviations of the local area. In.addition, a mean
CSA repeatability of about 2 % relative standard uncertainty by independent measurement runs, and minor
contributions due to reference plane noise and levelling effects, are included’in theQudget as well.

Table 4 Thickness and CSA of the reconstructed segment of fingers on ceramic substrate, on agcéntral finger on front and back side
of the n-type heterojunction bifacial cell, and on a flawless (position A) and defected (positien B) finger segments of the p-type c-Si
cell of standard design. The values in brackets refer to standard deviation of sizes,along the segment.

test cases test pattern on heterojunctioncell standard c-Si cell
segment alumina front side | “back side A ‘ B
nominal width [um] 30 35 32 50
thickness [um] 12.8(1.5) | 14.8(1.8) | 15:7(3.1) | 16.5(4.3) | 12.3(3.2) | 9.4 (4.3)
CSA [um?] 359 (49) | 493 (72). |'581(129) | 553(129) | 433(77) | 416(177)

In Table 4 are reported thickness and CSA determined from the 3D images of segments on alumina test
structure, on a standard c-Si cell andyon the two sides of the bifacial cells. A larger standard deviation of
values is visible for segments presenting local interruptions or significant variations of local sizes (segment
B), which are also observed in the following byssomewhat larger roughness parameters of the segment top
profile. Thickness is up to about 15 um, while the calculated CSA ranges from about 350 pum? to 600 um?. It
is worth noting that sizes of segmentsbn cells and test structures of the same lots are well represented by
those in Table 4.

As a whole, a numberiof/fingers.identified from the EL image of the p-type standard PV c-Si cell have
shown changes of up 5 % of the.mean width and thickness at the various positions. Local variations of sizes
may depend on screen printing parameters and chemical-physical features of the finger paste [*°], and to a
less extent on the silicon substrate.

Some differences-on sizes (section 3.3.1) and texture (section 3.2) between fingers on test structure on
alumina and PV cells with bifacial and standard design are outlined from the study; it is worth noting that
those on alumina have been printed as a test structure, while bifacial and standard PV cells are printed in a
manufacturing line, and’so morphological characteristics of their fingers represent those of cells market
available.

3.3.2.. Resistance measurements

Resistance measurements are performed with the 4-wire-like set-up by dense data sampling on the same
segment length previously imaged by the optical profilometer.

13
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As mentioned above, the grid layout printed on alumina is created in order to avoid the influence of the
semiconductor and of the parallel fingers in the resistance measurement of selected segments. With open
fingers, the resistance increases linearly with the length as the parallel fingers do not contribute at all. In the
open finger with nominal width of 25 um (Figure 11), a slope of about 0.08 Q-mm™ is obtained by.a linear
regression of the resistance, as measured at steps of 0.2 mm along the segment of 4 mm length. The constant
term comes from the segment representing the initial offset between the two probes and from the probe
finger contact resistance. A resistance of 0.32 Q2 is achieved with the 4 mm length segment.

e
1.1 ‘.,,0
,’.”
.".-
S ot
= 1.0 o
g &~ R=0.08d-0.46
= [ 2_
@ . R?=0.99
i [ % ~u
% 0.9 ..
o [ T
..
..
0.8 [ ] —
16 17 18 19 20

finger segment (d) [mm]
Figure 11 Resistances measured on a 4 mm segment length finger with nRominal width of 25 um in ceramic substrate.

Meanwhile, by assuming a resistivity value py = 2.8+ 1078 Q-myfor the silver paste, the resistance
calculated according to the sum of local resistances in equation (2) by the reconstructed 3D morphology of
this open segment results of 0.31 Q. A 3 % slightly'higher resistivity than nominal value (2.7 - 1078 Q-m) best
matches calculated and measured resistance for aluminatest patterns, and this small increment of resistivity
is possibly due to the difference in curing of the grid of these test structures compared to standard inline
process. As is shown in Figure 12 (a), in open fingersion.alumina the measured resistance differs by less than
10 % from that calculated from topography, while this agreement decreases for narrower fingers, due to the
homogeneity issue in the printing process, as can be noticed in the photograph of the test structure (see
Figure 2 (b)).

The resistance of segments of fingers with standard layout, i.e., connected to the grid, is determined by
the equation (3) and the equivalent ciQJit in Figure 7. Figure 12 (b) shows the trend between the resistance
calculated either from the 3D reconstructed morphology and from nominal sizes of fingers, and the resistance
of the segment. It is worth noting that for continuous fingers on alumina the agreement between calculated
and measured resistance is at minimum220 %, and as for open fingers this agreement decrease for narrower
fingers (Table 5 and Figure 12 (b)). Furthermore, one can observe the presence of a shift between the
measured and calculated resistances. Among others, these test patterns on alumina are made of fingers of
different width, and may somewhat suffer from the approximation of the equivalence of segments of the
same length, whiledn bifacial.and c-Si p-type cells this evaluation is simpler because all fingers have the same
width.
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Figure 12 Comparison between measured and calculated resistancefon (a)fopen fingers and (b) fingers connected to the grid on
ceramic substrate. Comparison between measured resistance with (¢)resistance calculated from reconstructed topography, and
with (d) resistance calculated from nominal finger sizes. Theyerror bars refer to standard deviation.

Figure 12 (c) and (d) compare the measured.and calculated resistances, namely from optical reconstructed
topography and nominal finger sizes. Figure 12 (c) shows a good linear trend for open fingers while more
deviations from linearity at different widths are visible for continuous fingers due to the parallel resistance
and the approximations of the adopted model. Furthermore, a nearly linear trend between measured
resistance and resistance calculated from nominal sizes both for open and continuous fingers, is visible in
Figure 12 (d).

Resistance measurements on grid’ssegments on n-type heterojunction bifacial cells and p-type standard
cell are carried out in normal light labaratory conditions. Deviation of results of about 0.5 % — 1 %, well within
their expanded uncertainty, were observed in preliminary measurement runs performed in normal light and
dark conditions of the laboratory.

As mentioned above,-when measuring the resistance of a finger segment, one must distinguish the
resistance of the finger itself from those of the other fingers in parallel, and of the silicon substrate.
Nevertheless, the influence of the semiconductor itself on the measurements of finger segment resistance is
almost negligible by assuminga wafer resistivity of 0.02 Q-m [*].

A relative expanded uncertainty of 15 % has been estimated for the resistance of segments made by the
set-up and therequivalent circuit in Figure 7. A repeatability of about 2.5 % in terms of relative standard
uncertainty/is achieved by the measurement of the resistances, including probing effects of the finger, while
standard uncertainties of less than 1 % each are estimated both for the resistances in parallel by fingers and
substrate and for the initial equivalence of finger segments of the same length. A combined standard
uncertainty up to 7 % comes both from the terms above and from the resistance measurements (R4, and
Ry,) at the'ends of the segment.

Indeed, for the line resistance calculated by the 3D optical reconstruction of the finger, the relative
expanded uncertainty is about 15 %; it takes into account as main contribution the uncertainty of the CSA
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mentioned above, while minor contributions are the uncertainties of (i) the segment length, (ii) the resistivity
and (iii) thermal effects on the silver paste.
Table 5 Measured and calculated resistances on continuous fingers on ceramic substrate, on central fingers on front andack side

of a n-type heterojunction bifacial cell, and on a flawless (position A) and defected (position B) finger segments of the p-type c-Si cell
of standard design. The values in brackets refer to standard deviation of measured resistances along the segment.

test cases test pattern on heterojunction cell standard c-Si cell
segment alumina front side | back side A ‘ B
nominal width [um] 30 35 32 50
calculated resistance [QQ] 0.36 0.30 0.63 0.31 0:23 0.27
measured resistance [Q] 0.47 0.35 0.61 0.28 0.27 i
(0.06) (0.04) (0.08) (0.04) (0.04)
deviation [%)] 23 20 4 10 15 -

In summary, results achieved with standard and bifacial cells @nd with test patterns on alumina are
compared in Table 5. A relative standard deviation within 1 % is obtained by.the residuals of a linear fit of the
calculated resistance.

With p-type standard c-Si cells, the resistance calculated fromithe segment morphology differs less than
15 % than the resistance determined on flawless fingers. Duetoaninterruption along the segment at position
B (as identified by the EL image at Figure 3 (b)), comparison with direct resistance are not consistent. A fast
way to detect the presence of defects on p-typéistandard cell grid design, is measuring the resistance
between the mid interconnection of pairs of fingers and. the busbar nearby. One may clearly observe that
possible outlier values are seen in the presence of a defected finger, while closer resistance values are
recorded with flawless fingers. The plot inFigure.13 shows the resistance values recorded with the fixed
probe on a busbar and the moving probe at contact of nearby mid-interconnections of finger-pairs at position
B (Figure 3 (b)). The average amount of such resistance values relates to the mean sizes of fingers of the cell.

Also n-type heterojunction bifacial cells are described by the equivalent circuit in section 3.1.2, thus
providing a very low deviation between calculated and measured resistance (Table 5). This confirm that the
equivalent circuit and the adopted models represent a rather good approximation of the behaviour of the
resistance and 3D morphology of fingers-of different sizes and patterns of different design.
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Figuref3 Resistance between the mid-interconnection section of different pairs of fingers and busbar M, at position B, on p-type
standard cell.

4. Conclusions
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Performances of PV cells in terms of |-V characteristics and efficiency, are tested by standardized methods
[31]. Meanwhile, electro- and photo-luminescence (EL, PL) techniques are being introduced for quality control
of high-speed production of PLC conductor on PV cells, providing the required sampling capability in terms
of lateral resolution and measuring time. EL does not need contacting the cell and is more suitable for fast
in-line checks. As a complementary technique, the local optical measurements described above can, be
performed next-to-line to check the potential local defects, as detected by EL images. Applying the surface-
function correlation method described in this work, the resistance can be measured indirectly,studying the
topography of the electric contact. Furthermore, it is shown that the quality of a printed linear conductor can
be easily evaluated through the use of some morphological parameters.

Surface-function correlation is performed for test structures with fingers of 15 umto50 pm width and 10
pum to 15 um thickness deposited on alumina substrate as well as fingers on c-Si'PV cell of standard design
and on PV bifacial cells. Morphology and resistance measurements of PLC fingers on the test cases are made

using a high-resolution confocal microscopy and a 4-wire like set-up. o

Morphological characterizations are studied assuming a slightly trapezoidalcross-section shape of fingers,
described by the new descriptor CSA. A significant correlation betweenicross=section-based calculated
resistance from 3D reconstructed morphology of fingers and local resistance measurements is achieved with
either test structures on alumina and c-Si PV cells. In c-Si p-type and.in bifacial solar cells, a relative difference
from about 4 % to 15 % between cross-section-based calculated resistance and measured resistance is
achieved by assuming a typical resistivity of 2.7 - 108 Q-m. In‘éeramic test pattern, the relative difference is
about 20 % by assuming a typical resistivity of 2.8 - 10~8 Q«m, possibly due to the difference in curing of the
grid of these test structures compared to standard inline process. Amoﬂg others, the presence of local defects
of fingers is detected by resistance measurements between busbars and mid-interconnections of pairs of
fingers on c-Si PV cell of standard design.

Morphology parameters are extracted from the top fingerlongitudinal profile, and the spatial wavelength
distribution is studied, showing a dominant texture.component at about 120 pum - 140 um in all flawless
fingers. Furthermore, the root mean square roughness parameter R, is calculated for each finger different
cut-off lengths (spatial filtered cut-off wavelengths). Ingeneral, for short cut-off lengths L, the R, parameter
increases with the sampling length as R, o L%. Surfaces may exhibit different scaling at different cut-off
ranges. The scaling factor a is given by the slope of the log-log plot of R, versus the cut-off length L.
Moreover, the complexity of the top su{face is'studied by the calculation of the fractal dimension F, that is
in good agreement with the roughness scaling factor according to the relationship @ = 2 — F. In general, it
can be stated that defectless fingersthave roughness scaling of about 0.5, F values of about 1.5, R, roughness
values of about 3.3 um.

Finally, CSA profile along.the finger segment is studied in terms of the waviness parameters, in order to
quickly identify the presence of defects, interruptions or bottlenecks in the finger and the resistance
behaviour of fingers. The.measurements performed show a total waviness peak parameter W,t of about 12
um?, W,sk with positive values, indicating a low presence of valleys in the waviness profile (and so a low
presence of interruption and/or bottleckness), and W, ku is always greater than 3, except for thinner fingers
that present inhemogeneities.

5. .Glossary

2D: bidimensional A¢: high-pass cut-off value of roughness profile
3D: three-dimensional As: high-pass cut-off value of waviness profile
a: rms roughness scaling factor py: gridline resistivity of the silver paste

0y finger side slope c-Si: crystalline silicon
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CSA: trapezoidal calculated cross-section area
dl: elementary segment length

EL: electroluminescence

F: fractal dimension

GPS: geometrical product specification

INRiM: Istituto Nazionale di Ricerca Metrologica
L: cut-off length (spatial filtered cut-off
wavelength)

PLC: printed linear conductor

PV: photovoltaic

PL: photoluminescence

PSI: phase-shifting interferometry

rms: root-mean-square

R, : average of the roughness profile

Ry: rms of the roughness profile

R,: maximum height of the roughness profile
R,t: maximum height of CSA profile

R, resistance in the finger segment Ly

Rp: resistance in the finger segment Lg

R parallel resistance

Rg: series resistance

R: line resistance calculated in the segment length
analysed 1 — 2

R;: resistance measured in the point 1

R,: resistance measured in the point 2

Acknowledgments

Rpq: resistance measured without the influence of
the grid parallel and the series resistance in the
point 1

Rp5: resistance measured without the influence of
the grid parallel and the series resistance in.the
point 2

R;: resistance of the elementary segment
calculated by the second Ohm law

SS: structured surfaces

st. dev.: standard deviation

TCO: transparent conductive oxide

ts: finger thickness

USSF: universal substrate sample fixture

VSI: vertical scanning interferometry

Wy : finger width

W,: maximum peak height of waviness profile
W,,: maximum valley depth of waviness profile
Wyt: total height of cross-section area waviness
profile

Wy sk: skewness of cross-section area waviness
profile

W,ku: kUrtosis of cross-section area waviness
profile
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