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Abstract: This work presents a comparison of values of the contact resistivity of silicon solar cells
obtained using the following methods: the transmission line model method (TLM) and the potential
difference method (PD). Investigations were performed with two independent scientific units. The
samples were manufactured with silver front electrodes. The co-firing process was performed in
an infrared belt furnace in a temperature range of 840 to 960 ◦C. The electrical properties of a
batch of solar cells fabricated in two cycles were investigated. This work focuses on the different
metallisation temperatures of co-firing solar cells and measurements were carried out using the
methods mentioned. In the TLM and PD methods, the same calculation formulae were used.
Moreover, solar cell parameters measured with these methods had the same, similar, or sometimes
different but strongly correlated values. Based on an analysis of the selected databases, this article
diagnoses the recent and current state of knowledge regarding the employment of the TLM and PD
methods and the available hardware base. These methods are of interest to various research centres,
groups of specialists dealing with the optimisation of the electrical properties of silicon photovoltaic
cells, and designers of measuring instruments.

Keywords: transmission line model (TLM) method; potential difference (PD) method; contact
resistance; resistivity; silicon solar cells; I–V characteristics

1. TLM and PD Methods—Presentation of Statistical Data Based on
Electronic Databases

Information on the use of TLM transmission lines in electronics is collected in the
IEEE Explore database by IEEE (Institute of Electrical and Electronics Engineers) and IET
(Institution of Engineering and Technology). The method was originally proposed by
Shockley in 1964 [1] and later modified by Berger [2]. Based on the data contained in
the database, it can be concluded that in the period from 1990 to 2020, 17 related articles
were published in journals from the Philadelphia list, including the Journal of Photovoltaics,
Electron Device Letters, Transactions on Electron Devices, and the Journal of Display Technology.

Information on the use of the transmission line method was also analysed based
on data contained in the Scopus database using the SciaVal tool. Based on studies from
100 countries from 2015 to 2020, a ranking of the scientific achievements of 35 countries
was prepared in which Poland placed 14th. In the case of Poland, only the author of this
publication published three works in the period of 2015–2020, so this is an interesting issue
and a subject that requires further investigation.

Articles covering the application of the transmission line method in various fields of
science from 2015 to 2020 were also analysed from the Scopus database, following the ASJC
(All Science Journal Classification) classification of thematic areas. Based on this analysis, it
was found that the most significant applicability of the TLM method was observed in the
field of science—materials engineering (32%). In contrast, the value did not exceed 5% in
energy, chemistry, or other fields. In the field of photovoltaics, from 1989 to 2020 the most
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significant number of publications on the application of the transmission line method in
the Scopus database was recorded in 2019.

According to the Web of Science database, the topic of TLM covers the literature from
1973 to 2021, for a total of 12,996 publications. After limiting the search to the electronics
category, we obtained 7722 scientific papers.

From 1983 to 2020, the IEEE Explore database in the field of electronics and electrics
collected 34 publications; we searched these using the term “contact resistance and PD
method”. However, from 1978 to 2020, 30 publications were recorded, of which four were
in the field of photovoltaics. These were found using the keyword “contact resistance
scanning,”. According to the search “contact resistance scanning” in the Scopus database,
there were eight publications from 1979 to 2021, while in the Web of Science database, there
were seven publications from 2005 to 2020.

Certain discrepancies in the scientific circulation of published research results in the
form of scientific journals within the aforementioned bibliographic databases may result
from the emergence of an increasing number of scientific journals which themselves fulfil
the role of a sieve, separating the valuable scientific publications while omitting those of
poor quality or that are non-scientific [3,4].

This work aims to test the value of contact resistivity of the front metallisation of solar
cells. These cells were made only for measurement purposes. This work uses two methods,
TLM and PD, to determine the same parameters in different ways and with different
measuring stands, depending on the needs and expectations of the person performing the
measurement.

The correct performance of this technological process requires the precise selection
of parameters. The production of metallisation requires the correct execution of the front
electrode of the correct size and shape and proper cavity in the semiconductor material.
In the area where the front electrode connects to the semiconductor, junctions are formed,
introducing additional resistances to the electrical circuit that limit the photocurrent flow.
The use of electrode pastes minimises these losses and the level of emitter doping can be
determined. There are also leakages of separated charge carriers in the junction area,
causing a photovoltage drop in the solar cell. The power loss of a photovoltaic cell
is influenced, among other things, by resistivity, which is a feature of cells that has a
fundamental impact on their quality.

The determined parameters of the technological process strongly depend on the
composition of the conductive paste or the metallic powder from which the paste is made.
This is because the conductivity of the tested paste depends on the granulation, particle
shape, and powder content of the paste. Ceramic glaze (e.g., SiO2) binds the particles of the
base material with the silicon substrate; the rest is an organic carrier mixture that makes the
paste sticky. The thickness of the applied layer on the front electrode and the morphology
of the substrate affect the resistivity value obtained as a result of the measurements.

2. Methods Applied to Measuring Selected Parameters of the Electrical Properties of
Photovoltaic Cells

Currently, research and development in electronics and photovoltaics are focused on
developing and producing electrical contacts using various techniques and determining
the dependence of the resistivity of these contacts between multicomponent metallic
components and conductive layers. The goal is to optimise the technology of contact
metallisation. The metallic element layer should meet various requirements to ensure
the low resistivity in the vicinity of the metal–semiconductor junction. Of particular
importance in a correctly performed technological process are the proper selection of the
material (conductive coating and substrate); its thickness; its coating geometry (shape and
size); the conditions of its production; the adhesion of the metallic element to the substrate;
and the substrate morphology (e.g., structure and roughness).

The external operating parameters that characterise a silicon solar cell include the cell
open-circuit voltage (Voc), short circuit current (Isc), fill factor (FF), maximum obtainable
power (Pm), and photovoltaic conversion efficiency (Eff). These values depend, for example,
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on technological factors (the reflectance factor; cover factor; incomplete absorption factor
due to limited material thickness; and the Qi collection factor, taking into account that
not all generated charge carriers reach the pn junction, where they can be separated) and
are determined by the influence of the manufacturing process on the parameters, the
material and physical properties of the individual layers, and the structural elements of a
solar cell. The most important of these physical parameters include: the electromagnetic
radiation reflection coefficient (Rref); the thickness of the base material of the cell (Dc); the
concentration of charge carriers (ni); the mobility (µ) and lifetime of charge carriers (τ); the
length of the carrier diffusion path charge (L); the speed of surface recombination (SRV); the
resistance (R) and resistivity (ρ) of areas and structural elements of the cell; and the types
and concentration of defects and the resulting density of recombination centres (Nit) [5,6].

Basic measurements of photovoltaic cells include the current–voltage characteristics
(I–V), which determine the physical parameters of the manufactured solar cell [7]. A one-
or two-diode model can be matched numerically to the measured I–V characteristics. In
the measuring system of the stand used for measuring the I–V characteristics of light
and dark cells, four basic elements that determine the quality of the measurement can be
distinguished: a light source, measuring system, table, and contact probes.

The I–V characteristics must be measured under the strictly defined conditions of a
specific radiation spectrum and temperature. The standard used is the AM1.5 spectrum,
which has an intensity of 1000 W/m2 at a cell temperature of 25 ◦C. The measured cell
is placed on a brass table that acts as a current electrode for the back contact, while
gold-plated probes provide the contact to the front electrode with telescopic pressure.
The lighting elements are four independently positioned halogen lamps powered by a
highly stabilised power supply with a “ramp” voltage increase (the so-called soft start). A
reverse-biased reference photodetector controls the stability of the light intensity during
the measurement. The measurement of the I–V characteristics of the cell consists of the
simultaneous measurement of the voltage biasing the reverse link in the range of ±0.75 V
and the measurement of the current, the value of which is calculated for the selected load
resistance and the measured voltage drop.

One of the operations used for producing photovoltaic cells is the application of
electrical contacts. As numerous studies show [8–11], the electrode layer should meet
various requirements to ensure the low resistance of the electrode connection zone with the
substrate. Of particular importance is the appropriate selection of the material, including
the electrode and substrate; the conditions of its production; the shape and size of the
electrode and its adhesion to the substrate; and the substrate morphology [12–14]. The resis-
tivity is understood to be the quantity that characterises the metal–semiconductor junction,
considering the area above and below the junction. The value of contact resistance, which
depends on the type of paste used, the substrate resistance, and the temperature of the
metallisation process, can be determined experimentally—for example, by using the TLM
(transmission line model) method [15–25] or the PD (potential differences) method [26–32].
In the case of the TLM method, the measurement consists of forcing an electric current
signal between the selected pair of adjacent front conductive lines on the tested sample
through the supply soda and the spontaneous generation of a potential difference in them
through the measuring probes (Figure 1a). In the PD method, local lighting produces a
current and the voltage is measured with a metal probe placed on the front metallisation of
the test sample (Figure 1b). During the measurement, the sample is short-circuited with an
external receiver.
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Figure 2. Sequence of actions when carrying out measurements using the (a) TLM and (b) PD methods. 

Table 1 shows the procedure for determining the selected electrical parameters (in-
cluding resistivity) of semiconductor structure contacts using the aforementioned meas-
urement methods. In order to standardise the results obtained from the electrical proper-
ties tests, this article adopts one determination of contact resistance (R) and resistivity (ρ) 
for two methods. 

Figure 1. Graphical illustration of the methods of (a) TLM (where R—resistance; Rp—surface
resistance; I—current; U—voltage; k—electrode line length; d—distance between electrode path
lines; LT—electrode line width to the effect of current; Rc—contact resistance) and (b) PD (where
w—path width; d—distance between the electrode path lines; L—path length; V—voltage on the
front electrode, measured through a metal probe in direct contact with its surface) [33,34].

Figure 2 shows the method for measuring using two measurement techniques [33,34].
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Figure 2. Sequence of actions when carrying out measurements using the (a) TLM and
(b) PD methods.

Table 1 shows the procedure for determining the selected electrical parameters (in-
cluding resistivity) of semiconductor structure contacts using the aforementioned measure-
ment methods. In order to standardise the results obtained from the electrical properties
tests, this article adopts one determination of contact resistance (R) and resistivity (ρ) for
two methods.
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Table 1. Formulae and quantities characterising the metal–semiconductor junction according to the method applied.

No TLM Method Literature No PD Method Literature

A1. Rp = U
I ·K, Ω/�

[17,20–25]

B1

Rcl = C · V
I′ = C · V

d·J , Ω·cm

I′ = I
L = J · d, A/cm

[26–34]
A2. RT = U

I , Ω

A3. RT = 2Rc +
d·Rp

k , Ω Rc = C · V
I′′ = C · V·w

J·d , Ω·cm2

I′′ = I
(L·w)

= J·d
w , A/cm2

A4.
LT =

(
ρc/Rp

)0.5, cm

Rc =

√
ρc·Rp

k coth (L · LT), Ω

A5.

If, LT ≥ 2 L, to
ρc = Rc · k · LT Ω·cm2

If, LT < 2 L, to ρc = Rc · k · L
Ω·cm2

Where C—correction factor (·1.8) for the current leakage out of the spot and shading by the probe.

Measurements of the resistivity of the front contacts of the semiconductor structures
were carried out in two research centres and designated as the research centre A_TLM
method and the research centre B_PD method. Table 2 presents the differences between the
methods used and the research equipment used for this purpose.

Table 2. Primary specifications of the available research equipment [26,33].

No Feature
Type of Measuring Stand

Laboratory Industrial

1. Test sample size
(thickness, length × width) 200–1000 µm, 50 mm × 50 mm 200–1000 µm, 25–215 mm ×

40–215 mm

2. Pattern of the produced front
metallisation

A series of parallel track lines
with varying distances between

them
Busbar with collecting tracks

3. Measurement method used TLM PD
4. Measurement mode Manual Automatic

5. Time consumption Short measurement time
The optimal one depending on

the operator settings in the
software

6. Measurement data output Graphical and textual Graphical 2D/3D and textual
7. Printout of measurement data No Yes
8. Method type Destructive/Nondestructive * Destructive
9. Test device cost Low High

10. Dimensions L ×W × H (length,
width, height)

TLM stand:
1000 mm × 1000 mm × 300 mm

Corescan system:
515 mm × 809 mm × 350 mm

11. Measurement accuracy

(1) Digital multimetr: ±(0.02%
of the set value + 2 digits)

(2) Calibrator: ±(0.1% of the set
value + 6 digits)

-

* depends on the application of the probes.

In the case of the TLM method, the measurement is performed manually but is
repeatable. The mere collection and processing of the measurements were time-consuming.
The user has to develop a form for the graphical presentation of the received data.

In the PD method, the measurement is performed automatically, and the user decides
how long it is to last. This stand enables the immediate recording of the measurement
results in 2D and 3D formats with the calculated data and their direct printout. However, it
is impossible to perform the measurement again because the tested sample is very damaged.
The patterns of the applied front metallisation, sample size, cost and size of the test stand,
number of patterns used to determine the parameters sought, and the symbols of these
parameters (Table 1) are the main differences between these methods. The symbols of the
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same parameters may differ because they often depends on the manufacturers bringing
something new to the market. In the case of Mechatronics, this was a stand equipped with
a Corescan device.

3. Methodology

The test apparatus with the applied method was used to test the selected elec-
trical parameters (i.e., resistance and resistivity): (1) TLM [11] (Figure 3a) and (2) PD
(Figure 3b) [26,33].
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The measuring stand used for the TLM method is a measuring system developed
as part of a research project [16]. The proposed solution used for measuring the selected
electrical parameters with the TLM method was granted a patent by the Patent Office of
the Republic of Poland in 2014—P.398223. On the other hand, the measuring stand used for
the PD method was introduced to the market in 2000. It was designed by SunLab (an ECN
spin-off) and manufactured and delivered to the market by Mechatronics (under license
from SunLab) [26].

As part of the experiment, the selected electrical parameters (i.e., resistance and
resistivity of photovoltaic cells) were tested, and then, using the formulae contained in
Table 1, their values were determined [34]. In the TLM method, a row of five front electrodes
(strip size—0.1 mm × 8 mm) with a variable distance between them (2.5; 5; 10; 30 mm) was
used. The electrode height was 15 µm and the surface resistance of the emitter diffusion
layer was 50 Ω/�. A current value of 30 mA was used for the TLM method, while for
the PD method a current density value of 30 mA/cm2 was used. The front electrode was
made of DuPont standard PV19b silver paste, which is commonly used in the industry. The
front electrode was applied using a template. The tests were carried out on two series of
samples, which differed in terms of the firing temperature used in the front metallisation in
the belt furnace, selected to obtain the objectively most advantageous product feature—i.e.,
the solar cell and the measurements performed.

A total of 32 samples were used for this investigation. This paper presents the selected
results of samples produced with the use of the methods described. The research was
carried out in a narrow scope. For this article, samples were selected with layer parameter
distributions similar to a Gaussian distribution. The limit values from the interval were
given for each series, which meant the minimum value of the resistivity of the front
electrode connection with the substrate.
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4. List of Test Results Performed with the Use of the TLM and PD Methods

Figure 4 shows the results of measurements of the electrical properties of the first series
of photovoltaic cells [34]. Based on the results obtained by testing the electrical properties
of this series of photovoltaic cells, it was found that the lowest values for resistance and
resistivity were obtained from samples with a firing temperature of 940 ◦C for both methods
(TLM and PD). These values were R = 0.4 Ω, ρ = 18 mΩ cm2 for the TLM method and
R = 2.5 Ω cm, ρ = 20 mΩ cm2 for the PD method (Figure 5). In the case of cells where
the electrodes were fired at a low temperature—e.g., 840 ◦C—it can be concluded that
the discrepancies in the measurements of the resistance and resistivity values from both
methods resulted from the poor connection of the electrode with the substrate.
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metallisation fired in an infrared IR furnace at a temperature of 940 ◦C (original 2D printout from the
Corescan device software).



Materials 2021, 14, 5590 8 of 12

Figure 6 shows the results of measurements of the electrical properties of the second
series of photovoltaic cells. Based on the results of this series of tests, it was found
that the lowest values of resistance and resistivity were obtained for samples with a
firing temperature of 930 ◦C for both methods (TLM and PD) (Figure 6b). These values
were R = 0.5 Ω, ρ = 30 mΩ cm2 for the TLM method and R = 4 Ωcm, ρ = 35 mΩ cm2 for
the PD method. Figure 7 presents an original measurement printout from the Corescan
device of the resistance distribution of the cells.
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Figure 6. List of electrical parameters—(a) resistance and (b) resistivity—of photovoltaic cells with a
front electrode applied using a template and made of commercial PV19B paste.

To summarise, based on the comparative analysis of the first series of photovoltaic
cells using the TLM and PD methods, it was found that the measurements of resistivity
in a temperature range of 900 to 960 ◦C are of the same or similar order. It can also be
stated that in a temperature range of 840 to 900 ◦C, the cells showed the highest and most
non-uniform contact resistance, which resulted in the dispersion of the obtained resistivity
values. At 940 ◦C, the cell with the lowest contact resistance without damage was obtained.

In the second series, the results of the resistance values at the metal–semiconductor
contact were scattered. Discrepancies in the obtained data may have resulted from, among
other things, the manual application of the front metallisation—e.g., using a template—or
another stage in the technological process of producing a finished photovoltaic cell. The
results of the resistivity measurements in the accepted temperature range are of a similar
order. One can also notice some defects in all samples. This is confirmed by the results of
the risk at the metal–semiconductor interface. The lowest resistance value was obtained at
930 ◦C.
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an infrared IR furnace at different temperatures: (a) 900 ◦C, (b) 910 ◦C, (c) 920 ◦C (original 3D print from the Corescan
device software).

After the analysis, it can be unequivocally stated that each of the described methods
can be used to collect data and information that can be used in the cell manufacturing
process. The dispersion of their values may result from, among other things, the technology
used in manufacturing the finished product; production automation (which reduces costs
and significantly increases productivity); the robotisation of control stations; the methods
and indicators used in the product quality assessment at every stage of production; and
the mathematical formulae available in the literature for their calculation and analysis.

5. Summary

1. Both series of samples were made using the same technology. The measurement
methods used in two independent research centres made it possible to compare their
advantages and disadvantages. The potential difference method allows the mod-
elling of the contact resistance of the front electrode’s frontal contact mesh and the
optimisation of the burnout process. In addition, it is possible to graphically present
the contact resistance measurements of the front electrode of the photovoltaic cell
in 2D/3D, which is very useful for detecting possible defects at this stage of the
technological process. This is not possible in the transmission line method. The PD
method is destructive, while in the TLM method, depending on the measuring probes
used, the measurement can be repeated. Automatic measurement and adjustment
of measurement parameters is another advantage of the PD method, but the dimen-
sions and the cost of purchasing the entire stand can be classified as disadvantages.
Performing the measurements manually is associated with an extended time of im-
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plementation, so this can be considered a disadvantage of the TLM method, while the
cost of purchasing the station itself is low, which is clearly an advantage.

2. The researcher/research team, depending on their requirements or the needs of the
industrial market, decide on the choice of method and a suitable measuring station.

3. Based on the research analysis (Figures 4b and 6b), it can be concluded that the
measured values of resistivity may differ slightly from each other. This is mainly due
to the formulae available in the literature, the number of measurements performed,
and the technological processes used, often the lack of automatic line technology in
the cell manufacturing process. The analysis mentioned above proves the credibility
of the obtained results of electrical measurements using the TLM method in research
centre A and the PD method in research centre B, as well as the legitimacy of their
use in testing photovoltaic cells.

4. The TLM method has a few problems. Firstly, the fit of the straight line to the
measurement points, expressed by the value of its slope, is subject to uncertainty. A
more significant problem, however, is the correct determination of the value of the
layered resistance used to calculate the resistance between the two contact lines. This
is because, in the process of forming the contact between the paste and the substrate,
there is a change in the layer resistance directly below the contact line. Secondly, the
method does not take into account the resistance of the metal on the contact line. The
advantage of the TLM method is a simple sample preparation procedure (no need
to use a ready-made sample of solar cell) and quick and direct measurement of the
resistance values. It is also a non-destructive method. The required components of
the stand are calibrated according to the guidelines of the manufacturers of these
components. The measuring station enables:

• Setting the current value on the C401B calibrator in a range from 0 to 110 mA with
a resolution of 0.01 mA, with an accuracy of ± (0.1% of the set value + 6 digits);

• Voltage measurement with the BM859CF voltmeter in a range from 0 to 500 mV
with a resolution of 0.01 mV, and in a range from 0.5 to 50 V with a resolution of
0.1 mV and an accuracy of ± (0.02% of the set value +2 digits).

In the case of the PD method, the problem is the precise determination of the current
density value necessary in the measurement procedure. This can be performed using a
high-class monochromator, measuring the spectral efficiency of a cell—e.g., silicon—in
a range of 300–1100 nm; multiplying it by the photon flux; and then integrating it over
the entire range and calculating the Jsc of the cell. The second method is to measure the
bright I–V characteristic and calculate Jsc, but this is also subject to uncertainty. The second
disadvantage of the method is its destructive procedure that does not allow repeated
measurements of the sample in the same area. This necessitates the use of samples in the
form of a ready cell. The manufacturer is responsible for the calibration of the device, and
the measurement accuracy refers to a constant value in the formulae (i.e., “correction factor”
(* 1.8) for current leakage out of the spot and shading by the probe), which is beyond the
control of the user. On the other hand, the advantage of the PD method is the ability to
determine the quality of the sample (e.g., its defects) based on the graphical observation of
the result and, more importantly, the determination of contact homogeneity (i.e., the low or
high uniformity of the contact resistance value).
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