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Abstract 
 
The intriguing aspect of the research involves acquiring experimental results related to engineering processes at low temperatures. One 
could mention the demonstrated relationship between the manufacturing method and the enhancement of the metallic component's quality 
by reducing the resistance at the junction between this front component and the substrate. Investigations were performed into two series 
of samples, which were applied to two experimental copper pastes for manufacture front metallization. The process of manufacturing front 
elements was performed at low temperature. The results of the electrical investigations were then compared to those obtained in a high-
temperature range using commercial silver pastes. The temperature interval from 500 to 1000 °C can be considered typical for the thick-
layer co-firing process, while temperatures lower than 200 °C can be considered typical for hetero-junction technology. TLM method can 
be used to collect data and information used in the technological process of their production. Based on the conducted experiments, it can 
be concluded that the test results obtained are comparable. The method of TLM transmission lines applied is of interest to various research 
centres, groups of specialists, and designers of measuring instruments dealing with monitoring changes in the values of electrical 
parameters.  
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1. Introduction 
 
The metallization operation is one of the final operations of 

manufacturing a photovoltaic cell/semiconductor structures [1]. It 
requires the deposition and manufacturing of the front 
metallization with proper connection in the semiconductor 
material. When contacts are established, extra resistances are 
introduced into the electrical circuit, which restricts the flow of 
photocurrent [2]. Proper design of the front metallization (the size 
and shape), application of conductive pastes, determination of the 
emitter doping level, the morphology of the substrate, the 
adhesion of the metallization to the substrate are very important to 
minimize these losses [3]. The conditions for producing the 

material that is a solar cell or semiconductor structure depend on 
the source used [4]. Currently, numerous research institutions in 
the fields of electronics and photovoltaics are focused on the 
development and production of metal metallization using various 
methods (Figure 1) [5-12] with an emphasis on the applications of 
inkjet printing technology in the production of solar cells 
(Figure 2) [13]. In this method, metal inks are applied onto 
substrates in the form of droplets, which can be formed in two 
different ways. (mechanically by compressing the ink or by 
heating the ink) [14]. The study presented in [15] showcases the 
capability of producing highly efficient perovskite solar cells 
through digital inkjet printing. In study [16], the composition of 
ink was analyzed due to its impact on crystallization dynamics, 
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highlighting the importance of designing new types of ink 
systems for inkjet printing. 

 
Fig. 1. Classification of manufacturing metal elements 

 of solar cells [12] 
 

 
Fig. 2. Schematic of inkjet printer [13] 

 
The significant technological advancements in solar cells 

require constant discoveries and research in their printing, power 
conversion efficiency, and stability. The papers [12, 17-23] 
describe other solar cell fabrication methods, including front and 
back metallization. 

The analysis of the area of the photovoltaic market is used 
to verify and identify various factors that affect its development. 
One of these factors is the application of pastes in the production 
of solar cells. There are roughly 60 manufacturers of metallization 
pastes globally, playing a crucial role in the supply chain for solar 
cell producers, and a considerable portion of these manufacturers 
are based in China. Over 60% of companies engage in the 
production of silver pastes, while 25% focus on aluminum pastes 

and 5% on copper pastes. The remaining companies produce lead-
free pastes and others (Fig. 3)[25]. 

 

 
Fig. 3. Classification of metallization paste producers [24] 
 
Materials science evolved, is inextricably linked with 

innovative measurement methods and the development of the 
latest technologies, including the technology of producing solar 
cells/semiconductor structures. These techniques are employed to 
specify pre-assembled devices such as photovoltaic cells/modules 
or cell components, which include front and rear contacts, for 
instance. These methods also characterise the materials used to 
manufacture semiconductor devices [4,26, 27]. 

The transmission line model (TLM) method (proposed by 
Shockley in 1964 [28], later modified by Berger [29, 30]) 
is a widely known and used method in the field of photovoltaics, 
as it is used to calculate and determine the electric parameter, i.e. 
the resistivity of the front contacts in silicon solar cells or 
conductive structures [31]. This method consists of forcing an 
electric current signal (I) between a selected pair of adjacent 
transmission lines of electrodes located on the surface of the 
investigated sample and measuring the voltage (U) on them [32]. 
The characteristics of the TLM method for measuring contact 
resistivity are thoroughly discussed in the work [33]. 

A central part of the work concerns the electrical properties of 
front metallization prepared in two series of classified samples. 
The criterion for selecting the conditions for producing the front 
metallization during deposition was based on the minimum 
resistivity ρc of the connection between the front electrode and the 
substrate. This work focuses on optimizing the experimental inks 
produced by an inkjet printer to manage this technological 
process. Additionally, major paste manufacturers are exploring a 
new market, including those already providing high-temperature 
silver pastes. Creating low-temperature pastes for solar cell 
construction necessitates a specific paste tailored for the front and 
rear contacts, considering its consumption and storage 
temperature. Paste manufacturers can meet such requirements 
thanks to cooperation with customers and research centres. 

 
 

2. Research material 
 

A total of fourteen samples were prepared for investigating. 
on a glass substrate deposited with indium tin oxide (ITO) at the 
Institute of Metallurgy and Materials Science of the Polish 
Academy of Sciences. The initial tests involved 12 samples in 
Series I and 16 samples in Series II. Table 1 presents example 
labels for the samples used in the preliminary experiments. 
Following these assessments, 6 samples were chosen for 
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additional testing from Series I, while 8 samples were selected 
from Series II. The sample designations in Series II were 
comparable to those in the Series I. The following series of 
samples with the front electrode was manufactured from the 
copper experimental paste marked X1 for the Series I and X2 for 
the Series II. The composition of the paste (functional phase, 
organic glaze, carrier and diluent). Selected components of the 
experimental paste are prepared under industrial conditions in the 
amount necessary to perform the printing process. Trade secrets 
cover other compositions of the paste. Both pastes were applied 
by inkjet printing and then dried in an oven at a low temperature.  

The mentioned samples were prepared for the investigations: 
25 cm2 with a front electrode performed from two pastes, with 
three rows of front metallization elements on one test surface 
(Figure 4). Commercial base pastes from DuPont, marked as 
PV19B, were used to verify the operational parameters of the 
manufactured component K (Table 2). The prepared K component 
was dried and sieved, and then mixed with paste components to 
obtain a conductive paste. To create the barrier layer, electroless 
separation of nickel from a galvanic bath using a reducer was 
used. In order to obtain a suitable material for testing, copper 
powder available in industrial quantities, marked CNPC-FCU200, 
with an average copper grain diameter of 1 µm was selected as 
the base material. This material was covered with a barrier layer 
to obtain the K component, and the coating thickness was also 
optimized. 

 

 
 
Fig. 4. Scheme of the path template for applying the front contacts 
of the investigated samples with an area of 25 cm2 (where the size 

of the strips - front electrodes for the: A1 system: 0.1 x 8mm,  
A2 system: 0.2 x 8mm, A3 system: 0.3 x 8mm and the distance 

between them: 2.5; 5; 10; 20mm) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. 

Samples labeled "Series I" that feature a front electrode composed 
of experimental paste X1 (where: electrode width - A1-3, I -
current) chosen 

No Sample 
number 

A1=0.01 cm, A2=0.02 cm, 
A3=0.03 cm  I, mA 

1 1_1 
1_2 

0.01 
10 
30 
50 

0.02 
10 
30 
50 

0.03 
10 
30 
50 

2 2_1 
2_2 

0.01 
10 
30 
50 

0.02 
10 
30 
50 

0.03 
10 
30 
50 

3 3_1 
3_2 

0.01 
10 
30 
50 

0.02 
10 
30 
50 

0.03 
10 
30 
50 

4 4_1 
4_2 

0.01 
10 
30 
50 

0.02 
10 
30 
50 

0.03 
10 
30 
50 

5 5_1 
5_2 

0.01 
10 
30 
50 

0.02 
10 
30 
50 

0.03 
10 
30 
50 

6 6_1 
6_2 

0.01 
10 
30 
50 

0.02 
10 
30 
50 

0.03 
10 
30 
50 
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Table 2. 
Determination of the composition of experimental pastes and the weight and percentage of their individual ingredients 

 
 

3. Research Methodology 
 

The electrical measurements of samples were performed using 
the test stand with patent number 219 794. Mainly, the contact 
resistance (Rc) and specific resistance (ρc) were determined by the 
"TLM" method. A detailed description of the method can be 
found in [26]. The publication [26] details the relationships based 
on which the resistivity and contact resistance are determined 
from the structure measurements shown in Figure 4. The 
investigations were performed for three settings of the current 
value: 10, 30, and 50 mA. 

Examinations of the surface topography and cross-section of 
the produced front electrode, along with its junction with the 
substrate, were conducted using scanning electron microscopy. 

 
 

4. Discussion of the research results 
 
Figure 5 shows the results of resistance tests of 4 samples 

depending on the width of the applied electrode made of paste 
marked as X1. Based on the obtained electrical properties results, 
it can be concluded that for all 6 samples, the resistance results for 
the front electrodes are similar and repeatable (Figure 6). 

Moreover, with this current value used, the measurement 
results obtained were the most repeatable. Correctly defining the 
layer resistance value complicates matters, because it is 
understood as a quantity characterizing the metal-semiconductor 
junction, considering the area above and below the junction. This 
resistance is determined between a selected pair of adjacent 
transmission lines of electrodes located on the surface of the 
tested sample. The characteristics of the phase boundary of the 
metal/semiconductor junction have played a key role since the 
beginning of semiconductor researches. A change occurs in the 
technological process of producing the connection between the 
substrate and the electrode. This change is related to the resistance 
value under the contact. The resistance of the metal on the contact 
line in this method is not considered. However, the key influence 
on the transmission of an electrical signal through a conductive 
line is the current flowing into the electrode line. The advantages 
of the TLM method include easy preparation of material for 
testing.  

 

 

 

 

 
 

Fig. 5. Resistance of samples as a function of electrode width 
(where: row 1 = 0.01 cm, row 2 = 0.02 cm, row 3 = 0.03 cm) [24] 

 

Number of 
sample series 

Paste 
symbol 

Paste ingredient Ingredient share Component 
 symbol weight, g percentage, % 

I X1 
component  20 50 

K 

commercial paste  17 42 
organic carrier 3 8 

II X2 
component 21 50 

commercial paste 18 42 
organic carrier 3 7 
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Fig. 6. The electrical parameters: resistance (R) (a, d), resistivity 
(ρc) (b, e), and contact resistance (Rc) (c, f) of the samples were 
measured at a current value of I=30 mA with an electrode width 

of 0.01 cm applied using a template and X1 paste 

Figure 6 shows the results of testing the resistance of samples, 
resistivity and contact resistance at the metal-semiconductor 
interface depending on the width of the electrode made of paste 
marked as X1, obtained for a current value of 30 mA.  

In the case of Figure 6 a, d, it can be concluded that the results 
of the resistance values for the tested row 1 of electrodes are 
comparable, and for four samples marked 1_1, 1_2, 2_1, 2_2 in 
the range of 36 ÷ 46 Ω. It should be noted that for two samples 
marked 1_1 and 1_2, there is a slight difference in the resistance 
value equal to 7 Ω, which may result from the front metallization 
process. In the case of Figure 6e, it can be stated that the lowest 
resistivity was obtained for the sample 2_1, 2_2 and the values, 
respectively, of 0.85 Ωcm2 and 1.45 Ωcm2. A slight difference in 
the obtained results of resistivity and contact resistance 
measurements may also result from the manual process of 
applying the front metallization. Based on the previously 
performed preliminary investigations, it was decided in the further 
part of the work to perform tests for the electrode width of 
100 µm, and therefore, in the further research analysis, the results 
will be considered only for row 1 of electrodes, which is also with 
an electrode width of 100 µm. For samples 1_1 and 1_2, the 
resistivity values were 4.72 Ωcm2 and 3.03 Ωcm2 (Figure 6b), 
respectively, and the contact resistances for these samples were 
7.28 and 4.89 Ω (Figure 6c). The sample 2_1 exhibited the lowest 
values of resistance and resistivity. The electrical values obtained 
by the TLM method for these samples are similar to those 
obtained for solar cells with front metallization made of 
commercial paste and co-fired in the high-temperature range, 
although made in the low-temperature range. A comparison of the 
results of electrical properties is presented in Table 3. 

In addition, in the obtained results of electrical properties 
testing using the TLM method of all samples from the I series 
with front metallization on a glass substrate, the repeatability of 
the obtained results can be stated, as the linear nature of 
the regression relationship was found for all set current values 
in the range from 10 to 50 mA. 

Figures 7 and 8 show surface observations in a scanning 
electron microscope of electrodes deposited from commercial and 
experimental paste on the investigated surfaces. Metallographic 
observations in a scanning electron microscope allow concluding 
the morphology of the electrode system deposited from a 
commercial paste and fired in a belt furnace at elevated 
temperature showing a porous structure containing a dense 
network of connections between grain agglomerates (Fig. 7b). 

 

 
Table 3. 
Comparison of chosen electrical parameters (Rc, ρc) of selected solar cells with front metallization applied from Du Pont PV19B 
commercial paste with paste from the X1 series, measured using the TLM method (for I=30 mA, Rp=50Ω/□, where TM- co-firing 
temperature) 

Sample symbol Substrate type Rc, Ω ρc, Ωcm2 TM, °C 
Z1  

Silicon 
6.24 3.95 900 

Z2 5.63 3.33 915 
Z3 4.97 3.28 930 

1_ 1  
Borosilicate glass 

7.28 4.72 150 1_2 4.98 3.03 
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Fig. 7. Example of surface topography of a commercial paste 

layer on a glass substrate observed using SEM (sample Z3 from 
table 3) 

 
In the case of the electrode system made of the experimental 

paste and co-fired in a belt furnace at a reduced temperature, it 
was found to have a similar porous structure containing a dense 
network of connections between grain agglomerates. Based on the 
experience gained and knowledge contained in the available 
literature, it is known that the obtained electrodes have a structure 
with a varying degree of density depending on the co-firing 
temperature. 

Electrodes sintered in a high-temperature range usually have 
a more uniform structure obtained by melting n grains and their 
fusion. However, at low temperatures, they often show a non-
uniform melted structure with irregular shapes. However, in the 
experiment, selected electrical parameters were measured for 
completely different structures - these were metal-semiconductor 
contacts for "classic" silicon solar cells using high-temperature 
conductive paste/silicon contacts and low-temperature conductive 
paste/ITO layer contacts, and similar resistivity and resistance 
values were obtained contact. The usefulness of the experimental 
pastes has been confirmed mainly by the quality of the layer 
topography (Figure 7 and 8) and the contact between the metal 
layer and the substrate. 

Based on fractographic tests, it was found that electrodes 
made of commercial and experimental paste by firing in a belt 
furnace show homogeneous connections with the substrate, 
similar to a continuous connection (Fig. 9). 

Figure 10 shows the results of the resistance investigations of 
4 samples depending on the width of the applied electrode made 
of paste marked as X2. Based on the obtained electrical properties 
results, it can be concluded that for all 8 samples, the resistance 
results for the front electrodes are similar and repeatable. Slight 
differences in the values of the obtained test results may arise 
from the incorrect printing of the electrodes, which was associated 
with the smearing of the selective electrode or its lack. 

 

 
 

 
Fig. 8. Surface topography of an experimental paste layer on 

a glass surface (sample 1_2) observed using SEM 
 

In addition, it can be stated that the resistance values 
measured for 10 and 50 mA are comparable and much higher than 
in the case of 30 mA; therefore, the results of tests for which the 
minimum value was obtained will be considered for further 
analysis, because this is the criterion for obtaining a good 
connection between the electrode and the tested substrate. 

The electrical test results (for a current value of 30 mA) of the 
samples at the metal-semiconductor interface depending on the 
width of the applied electrode were made of X2 paste. It can be 
concluded that the resistance value result for row 1 of the 
electrodes for all samples is comparable (Figure 11). Slight 
differences in the result values from incorrect printing of the 
electrode lines. In the case of both resistivity and contact 
resistance results, it can be stated that the results are not 
repeatable because these values were negative in most of the 
analyzed results. 
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Fig. 9. Cross-sectional area of the front electrode from  

a) sample Z3 (Table 3) and b) sample 1_2 (Table 1) 
 

In the obtained results of electrical properties testing using the 
TLM method of all samples from series I and II with front 
metallization on a glass substrate, the repeatability of the obtained 
results can be stated because the linear nature of the regression 
was found for all set current values in the range from 10 
to 50 mA.  

 
 

  
Fig. 10. Resistance (a, b) of the samples measured for the current 

value I=30 mA and the applied electrode width of 0.01 cm applied 
using a template and performed of X2 paste (an example) 

 
 

 

 

 

 
Fig. 11. Resistance of the samples (sample 7_1 and 7_2 (a-c), and 

samples 8_1 and 8_2 (d-f)) varies based on the electrode width 
(row 1, row 2, row 3) applied using a template and constructed 

with X2 paste (selected example). 
 
 

5. Conclusions 
 
Nowadays, scientific and research work in photovoltaics 

is focused on developing and producing electrical contacts using 
various techniques and determining the dependence of the 
resistivity of these contacts between multi-component metallic 
components and conductive layers [33]. The transmission line 
method determines the parameters characterising the solar cell 
contacts. It provides detailed information on the contact resistivity 

a. 

b. 

b. a. 
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value, i.e. the boundary layer between the metallic electrode and 
the solar cell emitter. A low resistance value means that the 
produced electrode has a uniformly molten structure and adheres 
well to the substrate, and a high resistance value means that the 
electrode has a non-uniform structure, e.g. containing numerous 
cracks and poorly adhering to the substrate. High resistivity may 
indicate that the contact could have been disturbed during the 
technological process, the space between the contact layer and the 
tested substrate was contaminated, or difficulties related to doping 
were encountered. The TLM method also has its advantages and 
disadvantages. The non-destructive method, the low cost of 
purchasing individual elements, the design of the stand itself, and 
its small dimensions are some of the advantages of the TLM 
method. The disadvantages include the adjustment of the line to 
the measurement points using linear regression, expressed by its 
slope value, which is subject to uncertainty and this is because, at 
the stage of making contact between the paste and the substrate, 
the contact layer resistance changes directly under the contact 
line [4]. 

Based on the analysis of the obtained investigations of 
electrical properties using the TLM, it can be concluded that in 
the case of the tested samples of the I series, repeatable results of 
the values of selected electrical parameters were obtained, 
including the resistance between the individual electrode 
distances, resistivity, and contact resistance. The smallest value of 
resistivity (3.03 Ωcm2) and contact resistance (4.89 Ω) was 
obtained for sample 1_2. The electrical properties of the 1_1 and 
1_2 front electrodes produced in the low-temperature range are 
similar to those of the PV19B front electrodes produced in the 
high-temperature processes. In addition, the repeatability of the 
test results was confirmed by the linear nature of the regression 
relationship for all set current values in the range of 10 to 50 mA. 
In the case of the II series, repeatable results of the values of 
selected electrical parameters were obtained, including the 
resistance between the individual distances of the electrodes. 
However, slight differences in the values result from incorrect 
printing of the electrode lines. Regarding the results of resistivity 
and contact resistance, it can be concluded that they are not 
repeatable, as the majority of the analyzed results were 
inconsistent. This inconsistency may be attributed to the non-
uniformity of the pathways, particularly in areas where the 
pathways intersect the faults of the deposited layers, resulting in 
slightly reduced thickness over the faults. However, this aspect 
has not been examined further. However, the repeatability of the 
test results was confirmed by the linear nature of the regression 
dependence for all set current values in the range from 10 to 
50 mA. 
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