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결정질 실리콘 태양전지 전면전극의 디스펜싱 인쇄용 실버 페이스트에서 

카본 나노파이버 첨가가 셀효율에 미치는 영향에 대한 연구 

 

쵼티샤 쿤파이 

 

부경대학교 대학원 인쇄공학과 

 

요약  

 

결정질 실리콘 태양전지의 셀 효율을 높이기 위하여 수광면의 전극을 미세하면서도 두껍게 형성함으로써 

수광량을 최대화하면서도 파워손실을 최소화할 필요성이 있다. 디스펜싱 인쇄는 공압 혹은 스크류 펌프를 

이용하여 고점도의 페이스트를 노즐을 통해 밀어내는 인쇄 방식이며, 한 번의 인쇄만으로 고종횡비의 전

극을 형성할 수 있기 때문에 차세대 결정질 실리콘 태양전지 전극인쇄 방식으로 주목받고 있다. 그러나, 

고점도의 실버 페이스트를 고속으로 인쇄 시 실버 페이스트의 토출이 끊기는 단락현상이 발생하며, 이로 

인해 연속적인 전극인쇄가 힘들다는 문제점이 있다. 이와 같은 인쇄 중 단락문제를 해결하기 위하여 본 논

문에서는 태양전지용 상용 실버 페이스트에 카본 나노파이버를 다양한 무게비율로 첨가하였으며, 카본 나

노파이버의 첨가비율에 따라 디스펜싱 인쇄로 제작된 전극의 물리적, 전기적 특성들이 어떻게 변하는지를 

연구하였다. 다양한 실험들을 통해 카본 나노파이버를 첨가할 경우 실버 페이스트의 연신특성이 향상됨을 

알 수 있었으며, 연신특성이 향상된 실버 페이스트는 인쇄 중 단락현상이 현저히 감소할 뿐만 아니라 전극 

미세화에도 기여를 함을 알 수 있었다. 0.2 wt%의 카본 나노파이버를 실버 페이스트에 혼합한 후 50 μm 

직경의 노즐로 디스펜싱하여 전극을 형성하였을 때, 기존 실버 페이스트에 비해 31% 가량 더 미세한 전극

을 형성할 수 있었다. 이와 같은 전극 미세화는 수광 면적을 최대화함으로써 소성온도 790, 810 및 830도

에서 각각 +0.22,+0.10 및 +0.22%p의 셀효율 증대를 가져옴을 알 수 있었다. 
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1. Introduction 

 

Nowadays, the increasing of worldwide energy consumption demand is not 

expected to stop in the nearest time. In 2010 to 2040, the world energy consumption will 

increase 56% from 524 quadrillion British thermal units (Btu) to 820 quadrillion Btu [1] 

which reported by the statistic of U.S. Energy Information Administration (EIA). The use 

of conventional fossil fuels has rapidly increased due to the high demand on energy in 

the developing countries. However, the increased concentration of CO2 from 

conventional fossil fuels leads to the global warming. 

Therefore the alternative and sustainable energy source has been considered to 

maintain our planet. The using of renewable energy such as solar cell, natural gas and 

wind power is the energy which not releases the CO2 or any greenhouse effect gas.  

Solar energy is one type of renewable energy which is sufficient for our requirement 

of global energy demands. It indicates that enormous potential sun energy would enough 

to our energy balance. 

Photovoltaic (PV) solar cell is one type of solar energy collectors which can convert 

incident solar radiation directly into electricity without release CO2 and greenhouse effect 

gas. For this reason, PV solar cells are negative environment impact. 

There are many techniques for constructing the front size metallization. In order to 

increase the cell efficiency, the narrow and thick finger electrodes are needed to 

minimize shading and power losses. As oppose to other technologies, the dispensing 

printing technique offers high aspect-ratio finger electrode with single-pass printing but 

the disruption of dispensed silver paste during printing has been a hurdle in the art. To 

alleviate disruption problem, carbon nanofiber (CNF) is incorporated into the 

commercially available silver paste and its physical and electrical characteristics are 

investigated. 

The purpose of this study is comparing the silver paste with and without CNF by 

focusing on the morphological, rheological, elongational electrical property and solar cell 

efficiency. 

The result shows that the increase of CNF in silver paste was negative affected on 

electrical properties. However the incorporation of 0.2 wt% CNF increased the 

elongational property, resulting in reduction of finger electrode width. A reduction of 

printed line width improves the solar cell efficiency due to substantially lower shading 

losses.  
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2. Review of related literature 

 Nowadays, the reduction of finger line width is required to minimize shading 

loosed. According to the International Technology Roadmap for photovoltaic shows that 

finger widths between 50-60 μm are currently possible in production process [2]. The 

reducing finger width increases cell efficiency but a further reduction is affected to the 

contact resistivity between finger electrode and silicon solar cell wafer. 

 

 

Fig.  1 Predicted trend for finger width [2] 

 

The most important solar cell processing steps is front side metallization for 

constructing such a narrow finger electrode width, increase the printing quality and cell 

efficiency. Several techniques are fulfilled in solar cell production to meet these 

requirements. 
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2.1 Solar cell fabrication technology  

There are many metallization techniques to construct finger electrode such as 

photolithography, coextrusion, screen printing, ink-jet printing, aerosol printing and 

dispensing printing. 

 

2.1.1 Photolithography 

 

Photolithography is technique to fabricate high cell efficiency solar cells. The 

ultrafine and high aspect ratio finger electrode can be constructed by this technique 

which significantly minimized shading losses and power losses [3, 4]. Therefore, 

efficiencies of 20.3% of multicrystalline silicon solar cell and 24.7% of mono-crystalline 

silicon solar cell have been recorded with this technique [5, 6].   

There are 2 types of photoresist. The underlying material is removed when the 

resist is exposed with ultraviolet light, called positive resist. On the contrary, the negative 

resist remains on the substrate. The pattern differences introduced from the use of 

negative and positive resist is shown in Fig. 2. 

 

 

Fig.  2 The pattern generated from positive and negative resist [7] 

  The basic steps in the lithographic process are shown in Fig. 2. The first step is 

substrate preparation as cleaning surface. In the next step, a material known as 

a photoresist which changes the physical or chemical properties upon exposure to 

radiation is applied by spin coating. After selective mask, the resist coated substrate is 

then exposed by radiation, typically UV light.  Then the unexposed area is removed by 

wet or dry stripping techniques. 
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2.1.2 Coextrusion printing 

Coextrusion printing is non-contact and mesh mark free metallization technique 

which can provide narrow finger electrode and strongly enhance the aspect ratio. This 

technique consists of sacrificial paste and metal paste (Fig. 3a). The printing head and 

wafer chuck are relatively movement (Fig. 3b). Both metal and sacrificial pastes are 

extruded out of the nozzle tip on to the solar cell wafer. The spreading out of metal paste 

which same composition of screen printed paste is prevented by sacrificial paste. The 

sacrificial paste is removed by solution or heat treatment process after printing. 

M. Beutel et al. [8] achieved 23.7 μm finger width with aspect ratio 0.62 on 

laboratory scale which 21.42% cell efficiency have been recorded by using the 

coextrusion process. 

  

Fig.  3 a) the component of coextrusion paste and b) the mechanism principle of the 

coextrusion printing for front side metallization [9] 

 

  However methods involving costly and complicated equipment as 

photolithography and coextrusion techniques have difficulties to spread fast. Low cost 

production and convenient process are required in solar cell industries.  
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2.1.3 Screen printing 

In term of printing, screen printing is a thick-film technology which is expected 

to be the mainstream for the mess production due to rapid, simple and cost-effective 

method [10]. First, the screen and wafer are not contacted each other. After putting the 

paste on screen which consists of stainless steel wires, the pressure is applied to the 

squeegee for making contact between screen and wafer. Then the squeegee is moved 

from one side to another side of screen .The silver paste is filled out of the mesh opening 

and stacked on the wafer. For this technique the finger line width depends on size of 

mesh opening. The screen printing principle is illustrated in Fig. 4.  

 

Fig.  4 The screen printing method [11] 

The viscous property is a key of screen printing paste. The paste must be fluid 

enough to fill the mesh opening of screen without voids. However the as-printed paste 

must not spread over the surface. Critical parameters of screen printing process are the 

distance apart between screen and wafer, the pressure applied on the screen, and the 

velocity of the squeegee. However, the thin and non-homogeneous finger electrodes are 

produced due to the contact printing and mesh mark [13, 14]. Moreover the wafer 

thickness will have been getting thinner than 150 μm, contact printing likes screen 

printing trends to break wafer easily. For the next generation metallization, inkjet, 

aerosol and dispensing printing which are non-contact printing techniques have been 

considered. 

 

Fig.  5 a) Cross section b) top view of finger electrode by screen printing [12] c) 3D 

profile of single and d) double screen printing finger electrode [13] 
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2.1.4 Ink-jet printing 

 Ink-jet printing can be classified into 2 major processes: continuous ink-jet (CIJ) 

and drop-on demand (DOD) technology. 

 CIJ process starts by forming ink droplet from a continuously flowing jet of ink 

which driven through nozzle. The process starts with high pressure pumping that directs 

liquid ink from a reservoir forcing the liquid to leave flow a nozzle as a form of jet 

(Fig.6). The size of formed drops and the break up point are controlled by piezoelectric 

transducer.  

The degree of the drop deflection is determined by the electric field strength 

which depends on the voltage applied and the distance between the field plates. This way 

is produced one line of the image to be printed. By moving the substrate, several lines are 

successively printed forming the desired image or text. In a more complex system, more 

jets can be couple to obtain a faster printing [15, 16]. 

 

Fig.  6 Schematic diagram of continuous ink-jet (CIJ) printer 

 

 Currently, this printing technique is used to apply some information, as product 

name, date or batch codes. It cannot use in the print electronics due to the contamination 

of the ink which exposure to the environment as recycling process. 

 



 

7 
 

 DOD system generated drop ink by piezoelectric material which is used to be an 

actuator only when an actuation pulse is provided. This material converts the applied 

externally electrical energy into mechanical deformation of an ink chamber (Fig. 7).  An 

ink-jet method offers narrow and smooth finger electrode, avoidance the degradation of 

p-n junction at low temperature firing, mask free and uniform electrode on silicon solar 

cell [17, 18]. The complicated hardware for charging electrodes, break up the jet, 

deflection plates, capture and recirculation systems and high pressure pumps can be cut 

off by using DOD printers. 

 

 

Fig.  7 Schematic model of piezoelectric ink-jet printing [19] 

 

 Teng and Vest (1998) were the first recorders for constructing finger electrodes 

on solar cell wafer by using direct ink-jet metallization with metallo-organic ink [20], 

and reported efficiency on multicrystalline silicon solar cell without ARC (SiNx) layer 

was 8.08%.  

 Nevertheless, there are several critical issues of ink-jet metallization. The 

standard silver paste cannot be used due to the large silver particle size (5-10 μm), 

leading to the nozzle clogging problem. As a general guideline, the nozzle diameter 

should be at least 6 times larger than particle size. So, resulting finger electrode with 

would be wider [21].  
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2.1.5 Aerosol jet printing 

Aerosol jet printing is a direct printing technique which an ink should be 

nebulizable. There are 2 options to generate aerosol: ultrasonic and pneumatic atomizer 

[22].  

Fig. 8 shows the working principle of ultrasonic atomize. For this approach, the 

high frequency pressure waves from the piezoelectric transducer are generated and 

directly transferred through water to the bottle with the ink. The atomized droplets are 

generated by the pinched off of capillary wave. Then the atomization of small droplets 

are transported to the deposition head. 

 

Fig.  8 Schematic model of ultrasonic atomizer principle 

 For pneumatic atomizer, a high velocity gas stream is produced by the expanding 

of compressed gas through the nozzle. Subsequently, the liquid stream was broken into 

droplets by this gas stream and suspended them in the flow. The large droplets are 

removed by strike against the side walls of reservoir. The remaining of smaller droplets 

are transported to the deposition head [23]. 

 

Fig.  9 Schematic model of the pneumatic atomizer principle 
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In contrast with an inkjet technology, nebulize are generated and moved to the 

deposition head via a heatable tube which can adjust the viscosity of ink. In this printing 

head, the avoidance between metal aerosols being contact with the nozzle tip can be 

occurred by wrapping up of ring shape gas. It is main approach for the aerosol printed 

line width to be narrower than nozzle diameter. In order to control the fluid flow in the 

print head, the adaptation of sheath gas to aerosol-flow ratio is required. By adjusting this 

ratio, a narrow jet can be generated [24]. The working principle of by aerosol printing is 

shown in Fig. 10. 

 

Fig.  10 Metallization by aerosol printing [25] 

 

 The main advantages for working principle of aerosol printing is gas stream 

which surrounds metal paste and focuses through the nozzle to substrate. The clogging of 

nozzle tip can be prevented by this gas. Moreover the ultrafine finger electrode can be 

constructed even much narrower than the size of nozzle diameter.  It has been recorded 

by using a nozzle with the 200 μm nozzle in diameter with printed lines of 50 μm width 

can be achieved [26]. According to A. Mette et al. experiment [23], the energy 

conversion efficiencies up to 17.8% on 12.5 × 12.5 cm2 by size of monocrystalline 

silicon solar cell with an aluminium back surface filed has been recorded. 

Nevertheless, single-pass printing of inkjet and aerosol printing techniques 

cannot construct high aspect ratio electrode. Thin finger electrode throughput from both 

techniques effects on the power losses of solar cell [27]. 
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2.1.6 Dispensing printing 

As opposed to screen printing approaches, homogeneous finger electrode is 

achieved by dispensing printing technique. The dispensing printing offers single step 

metallization with high aspect ratio and significantly reducing finger electrode width 

results in higher cell efficiency [28]. It also requires less silver consumption than screen 

printing technique [29].   

 The rheology of silver paste pays the main influence of dispensing printing 

technique.  Due to the non-contact printing, the pastes are free flow which results in 

recovery the process of silver paste [30]. The dispensing technique also offers the 

possibility to adjust the rheological of silver paste. According to the P. Maximilian et al. 

experiment [31], the dispensed three silver pastes with different yield strength out of 40 

μm nozzle in diameter by increase the yield stress and young modulus from paste A to C 

are shown in Fig. 11, the optical finger line width is decrease from 40.4 μm to 30.7µm. 

He also reported that even though finger line width in paste C is the narrowest, the 

contact resistance in paste C is higher due to the necking.  Maximilian concluded that the 

paste B is the best. 

 

Fig.  11 The adaptation of paste rheology with difference yield stress and young modulus 

from paste A to C [31]  

 Further rheology development of Maximilian silver paste, leads to achieve the 

finger electrode down to 27 μm in width in 2011 (Fig. 12a)). The cell efficiency is as 

high as 20.6% since high aspect ratio and mesh mark free likes screen printing. The 

throughput was increased by using multi nozzle print heads as shown in Fig. 12b) [32]. 
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Fig.  12 a) SEM image of the rheology development silver paste which dispensed 

through 40 μm nozzle diameter b) Parallel 10-nozzle dispensing unit during cell 

fabrication [32]. 

Beside of rheology, the finger line widths are affected by nozzle size, dispensing 

speed, pressure and gab between nozzle and wafer. K. Do-Hyung et al. [14] reported his 

experiment that the finger line widths were decreased by using small nozzle and reducing 

the dispensing pressure, and also by increase the dispensing speed and gap between 

nozzle and wafer. He also suggested the using of small nozzle size and lower pressure to 

get higher aspect ratio.   

However the disruption of dispensed silver paste during printing has been a 

hurdle in the art. To mitigate this problem, carbon nanofiber (CNF) has been considered 

to increase the elongational property.  

2.2 Carbon nanofiber (CNF) 

Table 1 Comparison price and length of nanofiber [33] 

Nanofiber Cost ( $/g) Length (μm) 

Graphite nanofiber 3 10-30 

Multi Walled Carbon Nanotube 3 ~ 10 

Single Walled Carbon Nanotube 300 ~ 10 

Silver nanowires 495 ~ 30 
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Among the nanoscale of carbon type, there are 2 candidates which is cost 

effectiveness. However CNF shows more excellent benefits than multiwall carbon 

nanotube (MWCNT) and single wall carbon nanotube (SWCNT) in the term of process. 

Moreover it is easier to disperse due to the feature exposed of graphene planes on the 

surface which can be readily modified through the thermal treatments or chemical 

functionalization without scale-up process. On the other hand, the first creating defect 

along the side walls of other fiber is required for attaching functional groups, which is 

time consuming and costly process [34]. 

Carbon nanofiber (CNF) is a high aspect ratio filament which excellent in 

mechanical properties, electrical and thermal conductivity in polymer composite [35]. 

Due to its low cost and availability, it has been studied to be reinforcement in composite 

materials. Despite of the fascinating characteristics, the used of CNF in composite has 

been limited by several challenges. It is difficult to uniformly disperse CNF and Van der 

Waal interaction of CNF which induces the CNF agglomeration [36].  

2.2.1 Synthesis and structure of CNF 

 The mainly preparation of CNF has 2 approaches. One is the cup-stacked CNF or 

catalytic thermal chemical vapor deposition (Fig. 13). Several types of alloy or metal 

which can dissolve CNF has been used to form metal carbine. Additional the gas 

containing carbon such as carbon monoxide, methane or ethane are used in the 

temperature range from 130-930°C to provide the carbon sources. The growth 

mechanism has been justified by the deposition of hydrocarbon dissolved in the metal 

particle and precipitate on the metal substrate.  

 

 
Fig.  13 The stacked-cup of CNF structure formation [37] 
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In order to fabricate CNF by electrospinning method, polymer nanofibers are 

required to be precursors. The properties of final CNF depend on size of polymer and 

process parameter such as atmosphere and temperature [37].  

Generally the electrical resistivity of CNF depends on the type, diameter and 

temperature. Endo et al. [38] measured the electrical resistivity of short-grown carbon 

fibers (VGCF-S) via four-point-probe method. The result showed the electrical resistivity 

of VGCF-S is in range 10-3 to 10-6 Ω.cm. At 20°C the electrical resistivity of CNF 

(2.5×10−4 to 5.0×10−4 Ω.cm) is higher than the electrical resistivity of silver (1.59×10-6 

Ω.cm) about 250 times. The increase of temperature is effect on the decrease of electrical 

resistivity of CNF [39]. However the CNF contains amorphous and impurity that could 

degrade its electrical properties. In order to increase the crystallinity and remove the 

impurities, the heat treatment is required. Hereman et al. [36] reported the electrical  

resistivity of the heat treat CNF at 2900°C was as low as 6.8×10-5 Ω.cm.  

In the solar cell applications, C. Xi et al. reported that the cell efficiency was 

improved by integration of 1D-GCNF at the rear side of silicon solar cell with specific 

thickness. They explained that GCNF provided a significant improvement long 

wavelength back scattering by the bent of carbon layer on surface [40]. Due to the 

exceptional properties, CNF has great potential to improve efficiency on the state-of-the-

art of solar cell 
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3. Experimental 

In order to understand the influence of CNF in the silver paste, the in-house 

developed and commercially available silver paste were prepared. Their physical and 

electrical characteristics were investigated in this study. 

3.1  Characterization of CNF 

The different source of carbon nanofiber (CNF) may have different characteristics. 

In this study, the CNF (GNF-L) from Carbon Nano-material Technology Co., LTD., 

Republic of Korea which is the additional composition in silver paste was characterized 

by various techniques in order to analyze microstructure and thermal property. 

 

3.1.1 Microstructure characterization of CNF by Transmission Electron 

Microscope (TEM) 

TEM is a microscope technique which uses high energy electron beam to transmit 

through the thin specimen.  When the electron passes through an ultra-thin specimen, 

electrons are scattered. A high resolution image is focused by a sophisticated system of 

electromagnetic lenses.  

In this experiment, CNF (GNF-L, Carbon Nano-material Technology Co., LTD., 

Republic of Korea) was analyzed by using TEM (Joel JEM-2010 instrument, Japan). 

 

3.1.2 Thermo gravimetric analysis (TGA) of CNF 

TGA is a technique to analyze the stability of materials. The chemical or physical of 

materials is changed when the temperature is increased with constant heat rate. TGA is 

used to determine the characteristic by measurement the mass loss or gain due to 

decomposition, loss of volatiles, or oxidation.  

The sample is loaded in the small pan which connected to a precision balance. The 

temperature and atmosphere can be controlled by programmable furnace. Due to the 

decomposition or oxidation of various components in sample, the weight percentage of 

mass change can be measure with increase temperature.  

 In this experiment, CNF (GNF-L, Carbon Nano-material Technology Co., LTD., 

Republic of Korea) and the mixture of CNF with other ingredients were analyzed by 

using TGA (Perkin–Elmer, Pyris 1, U.S.A) in dry air with air flow rate of 20 ml/min. The 

temperature was increased at 10°C/min. 

 

https://en.wikipedia.org/wiki/Volatiles
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3.2 Preparation of  silver paste 

There are 3 mainly composition of silver paste: silver powder as a conductive 

particles, glass frit and carrier vehicle. Normally, the silver electrode was placed at the 

front side of solar cell wafer but the adhesion force between silver powder and crystalline 

silicon solar cell wafer is very poor. The carrier vehicle was induced to increase the 

adhesion between silver powder and crystalline silicon wafer due to the wetablility of 

solvent. Then the organic compound was burnt out after firing or drying. 

 

3.2.1 The preparation of  in-house developed silver paste 

Three kinds of the in-house developed silver pastes were prepared with different 

weight fractions of CNF (0, 0.2 and 0.5 wt%) to silver. 

3.2.1.1 The carrier vehicle preparation 

In this study carrier vehicle consists of Ethylcellulose (EC300, Order No. 

200646, Sigma-Aldrich Corp., USA), polyamide thixotrope (TMAX, Elementis 

Specialties, Inc., USA), 2 kinds of dispersion (FC4430: ovecTM Fluorosurfactant, Energy 

and Advanced Materials Division, 3M, USA and PD2246, Croda International Plc., UK) 

and solvent (α –terpineol, CAS No. 98-55-5, Kanto Chemical co., Inc., Japan) was 

prepared in different fraction. The diagram to prepare carrier vehicle is shown in Fig. 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  14 Carrier vehicle process chart 

α-Terpineol 

 

Dispersant 

Add TMAX during overhead stirrer 

at 500 rpm 

Overhead stirrer 

Speed 2000 rpm and temperature is 80°C 10 

min  

Overhead stirrer 

Speed 1000 rpm and temperature is 80°C 4 

Hrs  

Carrier vehicle 

Add ethylcellulose 

Hot plate and stirrer (70°C and 200 rpm) 

for overnight 
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According to the Fig. 14, after α –terpineol and 2 kinds of dispersants (FC4430 

and PD2246) were put into the same glass bottle and placed on the hotplate and stirrer 

(70°C and 200 rpm), the ethylcellulose was added during hotplate and stirrer process. 

Then the mixture was left on the hotplate and stirrer overnight. While the mixture was 

overhead stirred at 500 rpm, the TMAX was added. The mixture was overhead stirred at 

speed 2000 rpm and 80°C for 10 min. Finally, the mixture was overhead stirred at speed 

1000 rpm and 80°C for 4 Hrs.  The weight fraction of three carrier vehicles is shown in 

table 2. 

Table 2 Three different composition of carrier vehicle 

Carrier 

vehicle no. 

Solid content 

 (wt %) 

Composition (wt%) 

EC300 TMAX PD2246 FC4430 Terpineol 

1 90 0.3 1 1 0.5 8.31 

2 90 0.3 1 1 0.5 8.11 

3 90 0.3 1 1 0.5 7.81 
 

3.2.1.2 Glass frit preparation 

 The comparison between different size of glass frit shown that fill factor and cell 

efficiency were improved with the solar cells based on nanosize glass frit powder. Due to 

nanosize glass frit is easier to wet and melt on the silicon substrate. So the SiNx was 

homogeneously etched, less pore and silver crystallites at the silver-silicon interface are 

advantageous for good ohmic contact of front side metallization [41, 42, 43].   

In order to make smaller particle size of glass frit, the glass frit (GF-V2172, 

Ceradyne Inc., USA) was pulverized by using Fritsch pulverization (Planetary Micro 

Mill PULVERISETTE 7 premium line), as shown in Fig. 15a). There are 2 bowls; 

container bowl and balance bowl. 

  

Fig.  15 a) Planetary Micro Mill PULVERISETTE 7 premium line b) Theory of grinding 

[44] 

a)  b) 
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By centrifugal forces rotation of grinding bowls and the support disc which 

rotates in the opposite direction with grinding bowl. Therefore ball hit the opposite wall 

of bowl, resulting in the source material is crushed with an impact effect. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  16 Process chart to make concentrate glass frit 
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+  

Glass frit powder Dispersant Toluene α-terpineol 
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(Speed 2000 rpm) 
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Pulverization  
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Hotplate and stirrer (80 °C and 50 rpm)   

Sieving mesh no. 270 

Filtering with glass microfilter (pore 

size = 2.7 μm) 
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According to the Fig. 16, the 60% concentration of glass frit suspension 

composition consists of GFV2172, Toluene, Terpineol and dispersion (PD2246), was 

mixed together by thinky mixer with mixing mode at speed 2000 rpm for 10 min. The 

mixed suspension was poured into the containing bowl and pulverized with ZrO2 ball 

which diameter 0.5 mm (1:5 of glass frit to ZrO2 ball) for 10 cycles, each cycle 

pulverized 10 min for setting time and pulse time. Then the pulverized suspension was 

sieved with sieve mesh no. 270 to separate ZrO2 ball. The glass microfiber filter which 

pore size 2.7 μm was used to filter the glass frit suspension. Finally, the suspension 

which particle size less than 2.7 μm was put on the hotplate and stirrer to make 

concentration of glass frit suspension. The composition of glass frit suspension in this 

experiment is shown in table 3. 

Table 3  The composition of glass frit suspension 

Composition of glass frit suspension (wt%) 

GFV2172 PD2246 Toluene Terpineol 

60 1 30 10 

 

3.2.1.3 In-house silver paste preparation 

 

Carrier vehicle, ZnO, glass frit suspension and CNF were mixed by thinky mixer 

for 10 min with mixing mode at speed 2000 rpm. Then the mixture was 3 roll milled for 

6 min (feed and apron roll gap is 10 µm). Next, the 3 roll milled silver paste was mixed 

by thinky mixture with 2 different mode, mixing and de-foaming mode.  After aging for 

1 day on roll mixer, the silver particle was added into the mixture. The mixed silver 

particle and the carrier vehicle was 3 roll milled for 6 min to disperse silver particle and 

form homogeneous silver paste. Finally, the homogeneous paste was thinky mixed and 

aged for 3 days. The process flow of silver paste preparation is shown in Fig. 17. 

 

In this experiment, 0, 0.2 and 0.5 wt% CNF pastes were prepared. The 

concentration of glass frit suspension is 81.56% for 0 and 0.2 wt% CNF paste and 

80.94% for 0.5 wt% CNF paste. The carrier vehicle number 1, 2 and 3 were used for 0, 

0.2 and 0.5 wt% CNF paste, respectively. The composition of silver paste is shown in 

Table 4. 

Table 4 Silver paste composition 

Carrier vehicle 

no. 

wt% Glass frit suspension (%) 

CNF concentration ZnO 

1 0 5 81.56 

2 0.2 5 81.56 

3 0.5 5 80.94 

 



 

19 
 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  17 The silver paste with glass frit pulverization 

Carrier vehicle ZnO (100 µm) Glass frit suspension 

(V2172) 

CNF 

Thinky mixer: 10 min 

Mixing mode: 2000 rpmSpeed 

1000 rpm                         

Speed 1000 rpm 

Setting time: 10 min, pulse 10 min 
3 roll milling for 6 min 

Feed roll gap: 10 µm 

Apron roll gap: 10 µmSieving mesh 

no. 270 

Thinky mixer: Mixing mode for 4 min  De-foaming mode for 2 min  Mixing mode for 4 min 

Mixing mode: 2000 rpm, De-foaming mode: 2200 rpmFiltering with glass microfilter (pore size = 2.7 µm) 

Adding silver powderConcentrate 

GF 

Thinky mixer: 10 min 

Mixing mode: 2000 rpm 

3 roll milling for 6 min 

Feed roll gap: 10 µm 

Apron roll gap: 10 µm 

Thinky mixer: Mixing mode for 4 min  De-foaming mode for 2 min  Mixing mode for 4 min 

Mixing mode: 2000 rpm, De-foaming mode: 2200 rpm 

Aging on roll mixer for 3 days 
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3.2.2 Preparation of commercially available silver paste containing CNF 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  18 The process flow of commercially available silver paste containing CNF 

The CNF was added into the commercially available silver paste at different 

weight fraction, 0, 0.2, 0.4 and 0.6 wt%. After thinky mixing (Fig. 19a), the 

commercially available silver pastes containing CNF were 3 roll milled (Fig.19b) for 6 

min (feed and apron roll gap is 10 µm). The homogeneous silver pastes was mixed by 

thinky mixer and aging for 1 day. The diagram of commercially available silver paste 

containing CNF is shown in Fig. 18. 

  

Fig.  19 a) Thinky mixer (Thinky, ARE-310, Japan) and b) 3 roll mill (EXAKT 

Technologies, Inc., EXAKT-50, USA) 

Commercial available silver paste CNF 

Thinky mixer: 10 min 

Mixing mode: 2000 rpm 

3 roll milling for 10 min 

Feed roll gap: 10 µm 

Apron roll gap: 10 µm 

Thinky mixer: Mixing mode for 4 min  De-foaming mode for 2 min  Mixing mode for 4 min 

Mixing mode: 2000 rpm, De-foaming mode: 2200 rpm 

Aging for 1 day 

a)                                           b) 
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3.3 Fabrication of crystalline silicon solar cells  

 

The process flow for fabrication of crystalline silicon solar cell is shown in Fig. 

20. Monocrystalline silicon solar cell wafers with an emitter sheet resistance of 

80Ω/sq were used for measuring the cell efficiency. After an aluminium paste was 

screen-printed (DaeyeongHiteh, Tiger-5335MV-1S) on the back side of 

monocrystalline silicon solar cell wafer and dried on a hot plate (DHSL Korea Co., 

Ltd., DHSL.HP2020300, Republic of Korea) at 150 °C for 7 min, three busbars were 

screen-printed with a commercially available silver paste on the front side of the 

monocrystalline silicon solar cell wafer and dried on a hotplate at 150 °C for 3 min. 

To evaluate the cell efficiency, the silver paste containing CNF at different fraction 

was dispensed with 75 and 50 μm nozzle diameter ceramic nozzle. The printing 

speed was 100 mm/s with a powerful screw pumping motor (AMD3-CEC-YD 100 

W, Eser Corp., Japan). The electrode spacing was set to be 1.5 and 2 mm, dried at 

150 °C for 5 min on a hot plate [26]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  20 Fabrication of crystalline silicon solar cell process chart 

Screen printing aluminium paste on the rear side of 

crystalline silicon solar cell 

Screen printing 3 busbars on the front side of crystalline 

silicon solar cell 

Dried on the hotplate at 

180°C for 7 min 

Dispensing printing commercially and in-house 

developed silver paste 

Dried on the hotplate 

at 150°C for 5 min 

Co- firing a peak temperature 790°C, 

810°C and 830°C 

Edge isolation 

Dried on the hotplate at 

150°C for 3 min 
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Due to the different formation temperature at front and rear side of solar cell 

during co-firing, the peak temperature and ramp up rate should to be considered. During 

firing process antireflection coating (SiNx) is etched by glass frit and formed the contact 

between silver and silicon substrate at front side. For the backside, Sopori et al. reported 

that the silicon diffuses, reacts with aluminium at the rear side and the back surface field 

is formed at temperature 755 – 800°C [45]. Taeyoung Kwon et al. found that the increase 

of ramp up rate and properly by setting the belt speed furnace improved higher open 

circuit voltage. He also reported that the higher ramp up rate also provided the uniformity 

of back surface field layer [46]. 

Therefore, the as-printed electrodes were co-fired at a peak temperature 790°C, 

810°C and 830°C by using a rapid thermal processor (RTP: AccuThermo AW 610, 

Allwin21 Corp., USA) (Fig. 21) with ramp-up rate of 100°C/sec in the ambient air.  

 

Fig.  21 Rapid thermal processing system 
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The front and back contacts would be interconnect with the n-type region at the 

edges of solar cell, leading to lower shunt resistance. To remove this region, the junction 

isolation is required. In this experiment, laser isolation was performed at the edge of 

silicon solar cell wafer by using a 532-nm laser (NANIO 532-10-V, InnoLas Laser 

GmbH, Germany) and a 2-axis laser scanner (SS-II-10, Raylase AG, Germany). Finally, 

solar cell wafers were etched with KOH solution at the edge of wafer and dry at 150 °C 

for 5 min on a hotplate. 

The finger line width at each weight fraction of CNF in different silver pastes 

was measured by using zoom stereo microscope (JSZ-7XT, Samwon Scientific Ind. Co., 

Ltd., Republic of Korea), is shown in Fig. 22.    

 

Fig.  22 Zoom stereo microscope  
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3.4 Electrical characterization 

The electrical properties of commercially available silver paste with and without 

CNF have been investigated in order to understand the role of the additional CNF in 

silver paste to determine the contact resistivity between finger electrode and silicon solar 

cell wafer, and resistivity of silver paste containing CNF.  

3.4.1 Contact resistivity characterization 

The electrical properties were evaluated using a probe station (MST 4000 A, MS 

Tech Co., Ltd., Republic of Korea) and a source meter (Model 2401, Keithley 

Instruments Inc., USA). The contact resistivity was determined by Transfer Line Method 

(TLM) measurement.  

 

 

Fig.  23 Total resistance components 

According to the Fig. 23, the gray rectangles are shown the metalized contacts on the 

sample. The measurement of total resistance consists of several components, the 

resistance of contact metal (Rm), the resistance between metal and semiconductor 

interface (Rc) and the resistance of semiconductor (Rsemi).   

     𝑅𝑡 = 2𝑅𝑚 + 2𝑅𝑐 + 𝑅𝑠𝑒𝑚𝑖  [1] 

Generally, the resistance of metal in the contact is very low that Rc >> Rm, and so Rm 

can be ignored;  

        𝑅𝑡 = 2𝑅𝑐 + 𝑅𝑠𝑒𝑚𝑖    [2] 

The resistance of probe itself, the resistance between probe and metal contact and 

the resistance of metal contact itself are much smaller than the resistance between metal 

and semiconductor interface, the total resistance becomes:     

       𝑅𝑠𝑒𝑚𝑖 =
𝑅𝑠

𝑊
𝐿    [3] 

     𝑅𝑡 =  
𝑅𝑠

𝑊
𝐿 + 2𝑅𝑐              [4] 

When Rs is sheet resistance of semiconductor, L is grid spacing between metal 

contact and W is finger width.  
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The transfer length method (TLM) illustrated in Figures 24a) and 24b). If the metal 

contact (blue area in Fig. 24a)) has same doping with contact area of devices and array 

contact (grey in Fig. 23b)) with different spacing is formed over the doped region, the 

resistance measurement between 2 metal contacts can be used to construct TLM graph, 

as shown in Fig. 23b. 

 

 

Fig.  24 a) TLM measurement and b) evaluation of the contact and sheet resistances for 

TLM measurement [47] 

 By extrapolating back to L = 0, the residual resistance is twice the contact 

resistance. Moreover, the sheet resistance (Rs) of the semiconductor can be calculated 

from the slope of the graph [47, 48].  

In this study, the contact resistivity of constructed finger electrode with 0, 0.2, 0.4 and 

0.6 wt% CNF in commercially available silver pastes on crystalline silicon solar cell 

sample 1525 mm2 by size was investigated. 
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3.4.2 Resistivity  

The resistivity of semiconductor is simple measured by four point probe. A current 

is supplied through the two outer probes; the voltage across the two inner probes are 

measured by voltmeter (Fig. 25).  

 

Fig.  25 Arrangement of a 4-point probe on a rectangular sample [49]  

The resistivity (𝜌) of silver paste as given in [5] 

                                    𝑅𝑠ℎ𝑒𝑒𝑡 =
𝜌

𝑡
     [5] 

The 𝜌 describes the relation between sheet resistance (𝑅𝑠ℎ𝑒𝑒𝑡 ) and layer 

thickness (t). In order to get the 𝜌, 𝑅𝑠ℎ𝑒𝑒𝑡 was determined by four point probe as given in 

[6] 

                    𝑅𝑠ℎ𝑒𝑒𝑡 =  
𝜋

𝐼𝑛2
𝐶1𝐶2

𝑉

𝐼
                                            [6] 

When C1 is size correction factor which depends on the probe tip spacing (s) and the 

wafer diameter (d). 𝐶2 is thickness correction factor. C1 and 𝐶2 correction factor is show 

in Table C-1and C-2 in appendix C. V is voltage across inner probes (V) and I is current 

across outer probes (A).  

In this study, the dilution of commercially available silver paste with different 

weight fraction of CNF to BCA at 9:1 ratio was spin coated on 2×2 cm2 by size of 

crystalline silicon solar cell at 3000 rpm for 20s. Then the sample was dried on the 

hotplate at 150°C for 5 min. The dried sample was firing at target peak temperature 

810°C with ramp-up rate 100°C/s. The layer thickness was calculated from the different 

thickness between firing and before coating sample. Finally, the resistivity was 

determined by four point probe (4 Point Probe One Body type, MS Tech Co., Ltd., and 

Republic of Korea) measurement and sourcemeter (401 Low Voltage SourceMeter 

Instrument, KEITHLEY, U.S.), as shown in Fig. 26.  
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Fig.  26 Four point probe and sourcemeter using for measuring the resistivity 

3.5 Morphological characterization 

 

3.5.1 Scanning Electron microscope (SEM) 

The basic principle of SEM is that a high voltage (e.g.: 20 kV) accelerates 

electron beam which is generates from suitable source, typically emission gun or 

tungsten filament. The thin beam of electrons for scanning surface of the specimen is 

produced by accelerated electron beam which passes through a system of apertures and 

electromagnetic lenses. The action between electron beam and specimen causes electron 

emitting which is collected by a suitably-positioned detector. 

To investigate the effect of CNF residue on electrical properties of finger 

electrode, the finger electrode with and without CNF was observed by SEM (S-2400, 

HITACHI, Japan). In this study, the SEM image of dispensed commercially available 

cell was compared to commercially available cell containing CNF. 

 

3.5.2 Field Emission-Scanning Electron Microscopy (FE-SEM)  

As the same principal with SEM, FE-SEM provides narrower probing beams, 

resulting in minimized sample charging and damage and improved clearer resolution. 

The mixture of glass frit (GFV2172) to CNF at 1:1 volume ratio was prepared to 

understand the behavior of CNF in silver electrode by gentle grinding with mortar.  Its 

characteristic was compared by using FESEM (JEOL, JSM-6700F, USA).  
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3.6 Rheological characterization 

The torque is required force to rotate a cone or plate with fluid. Therefore the known 

speed is a function of the viscosity of that fluid.  A graph is plotted between shear stress 

(torque) and shear stain rate. 

Shear rheological measurement were made using a HAAKE MARS 60 Rheometer 

from Thermo Scientific™, USA (Fig. 27) with 77 mm length of titanium plate and cone 

(P35 Ti L). The viscosities of different weight CNF concertation silver pastes were 

measured at shear rates from 10-5 to 1010 s-1. In this experiment, all the measurements 

were done at 25°C. 

 

Fig.  27 HAAKE MARS 60 Rheometer using for rheological characterization 

 

3.7 Solar cell Efficiency 

The prepared solar cells with 0.2 wt% CNF and without CNF at 2 mm grid 

spacing, each 5 wafers were firing at difference peak temperature of 790, 810 and 830°C 

and compared their characteristics. The cell efficiency (η) was confirmed by Korea 

Institute of Energy Research (KIER). 
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4. Result and discussion 

4.1 Microstructure of CNF 

As-received CNF, purified by supplier, was found by using Transmission 

Electron Microscope (TEM) to contain highly entangle agglomerate but no visible 

impurity, as shown in Fig. 28. Almost individual CNF was not straight, forming clumps 

with a characteristic size of 300nm in length. These clumps were often clusters to form 

larger aggregates with diameter up to millimeter. The diameter of CNF was rather 

uniform about 30 μm in average with higher aspect-ratio than 100 [33]. Due to the CNF 

was so entangled, the network structure was formed and it was difficult to find both end 

of single nanofiber. Moreover the dispersant of CNF is known to be difficult. However 

the CNF can be incorporated into silver paste directly without significant manufacturing 

development. Another benefit provides the addition of CNF improved the elongational 

property. 

 

 

    
 

    

Fig.  28 TEM image of as-received CNF 
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4.2 The effect of CNF on rheology of silver paste  

 Fig. 29) demonstrates the flow curve (shear viscosity versus the applied shear 

stain rate). Since the shear flow, the entangled network of CNF that individually 

alignment in the flow direction thus the network breaking up higher shear stain rate, 

resulting in shear thinning over the entire range of shear stain rate [50]. Due to the 

geometrical effects, the incorporation of CNF in silver pastes was highly viscosity. As 

the CNF increases, the silver pastes behave as solid and therefore the viscosity of silver 

paste proportionally increases [51, 52]. A brief viscosity characterization is presented, 

with details covered in Appendix A.  

0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

6x10
2

8x10
2

10
3

1.2x10
3

1.4x10
3

1.6x10
3

1.8x10
3

2x10
3

 CNF 0.0 wt%

 CNF 0.2 wt%

 CNF 0.4 wt%

 CNF 0.6 wt%

 

 

S
h
e
a
r 

v
is

c
o
s
it
y
 (

P
a
s

)

Shear strain rate (1/s)

 

Fig.  29 Shear viscosities of silver paste at different CNF concentration  

 By plotting shear stain rate versus shear stress, the appearance yield stress of 

silver paste can be examined, as shown in Fig. 30. The silver pastes containing CNF are 

known to have higher yield stress at higher incorporation concentration. At 0, 0.2, 0.4 

and 0.6 wt% CNF concentrations have clearly defined yield stress of 677.5, 812.7, 

813.83 and 818.10 Pa, respectively, because of the interaction between CNF are large 

enough to exist 3D-network structure and generated yield stress [53].   
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Fig.  30 Yield stress of silver paste a) 0 wt% CNF, b) 0.2 wt% CNF, c) 0.4 wt% CNF and 

d) 0.6 wt% CNF 
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4.3  The effect of CNF on silver paste consumption  

 

Currently, the most important cost factor for solar cell processing is silver paste 

consumption. Cell manufacturers are putting a good deal of effort into the reduction of 

silver paste usage. 

 In order to reduce the error from the small nozzle in diameter, three kinds of 

silver paste at 0, 0.2 and 0.4 wt% CNF were dispensed through 100 μm nozzle in 

diameter with screw pumping of 50rpm at pressure of 0.45MPa. The silver pastes were 

dispensed 2 min for 3 times to calculate the average amount of silver paste. 

 Due to the high viscosity of silver paste, the silver paste consumption shows an 

inverse proportion with CNF concentration, as shown in Fig. 31. For this condition, the 

silver paste was consumed by 53.91, 39.72 and 30.67 mg/min at 0, 0.2 and 0.4 wt% 

CNF, respectively. The less consumption can reduce the production cost of silver powder 

which is an expensive material. However this reduction of silver pastes usage leads to 

thinner finger electrodes and results in higher power losses. 
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Fig.  31 The influence of CNF on silver paste consumption 
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4.4 The effect of CNF on elongational property and finger line width 

Due to the elongational property, it was found that the increase of CNF weight 

fraction in silver paste resulted in the reduction of the average width of finger electrodes. 

The dispensed in-house developed silver paste containing CNF could elongate from the 

nozzle tip to the substrate without line breakage (Fig. 32b). On the other hand, the 

discontinuously dispensed line of in-house developed silver paste without CNF was 

clearly observed before reaching to the substrate (Fig. 32a).  However, the increase of 

CNF at the certain point (0.5 wt% CNF) shows some swinging behavior of silver paste 

(Fig. 32c). 

 

Fig.  32 The elongational property of In-house developed silver paste a) without, b) with 

0.2 wt% CNF and c) with 0.5 wt% CNF 

 A further confirms the elongational property of silver paste containing CNF, the 

commercially available silver pastes without and with 0.2 wt% CNF were compared by 

dispensing out of the 50 μm nozzle in diameter at different screw rpm. The elongational 

of CNF increased the yield of continuous line (Fig. 32a). The disrupt line was found only 

at start and end point (Fig. 33e); the continuous lines were calculated to be 19% at screw 

pumping of 30rpm. As the screw pumping was increased over 30 rpm, the continuous 

lines of dispensed commercially available silver paste containing 0.2 wt% CNF were 

obviously seen without line breakage (Fig 33f and 33g). On the other hand, the dispensed 

commercially available silver paste without CNF at screw pumping of 30rpm shows the 

discontinuity line for whole wafer in which, the continuous line was calculated to be 13% 

(Fig. 33b). The disrupt lines could also be found when dispensed at screw pumping of 

40rpm and 50rpm as 21% and 1%, respectively. However 100% continuous lines were 

achieved at screw pumping over than 50rpm.  

 According to this experiment, we can conclude that the addition of CNF increase 

the elongational property of silver paste to construct narrower finger electrodes. 
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Fig.  33 a) The yield of continuous line at screw pumping of 30, 40, 50, 60 and 70rpm b), 

c) and d) dispensed commercially available silver paste without CNF at the screw 

pumping of 30, 40 and 50rpm and e), f) and g) dispensed commercially available silver 

paste containing 0.2 wt% CNF at screw pumping of 30rpm, 40 and 50rpm, respectively. 
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 In the term of dispensing printing, the rapidly recover yield stress is necessary to 

construct narrow finger electrode. Due to the high shear stain rate, the silver paste rapidly 

decreases the viscosity and passes through the nozzle. For the ideal shear thinning 

behavior of silver paste, the shear stain rate is no longer applied to the silver paste when 

the silver paste is push out of the nozzle. The yield stress can be recovered at a zero 

strain rate. Finally, the spreading of the silver paste is prevented.  

 

Fig. 34 The rheological behavior of the shear thinning silver paste with the recovery of 

yield stress by dispensing printing [26] 

 In this case, as increase the screw pumping rpm, the pastes with a good rheology 

decrease sharply, the silver pastes can flow rapidly through the nozzle. However they 

don’t have enough time to recover their yield stress. Thus, the finger electrode would 

spread out when the silver pastes contact with the solar cell wafer (Fig. 35). Nevertheless, 

the low shear stain rate as screw pumping of 30rpm of dispensed commercially available 

silver paste without CNF could not construct continuous finger line, as show in Fig.33b) 

and 33c) because lower stretchable of silver paste.  
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Fig.  35 The effect of finger line width on screw pumping 
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In this study, the different CNF concentrations were incorporated into the 

commercially available silver paste to investigate the influence of CNF on finger line 

width. 
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Fig.  36 a) The effect of CNF concentration on finger line width by dispensed on mono-

crystalline silicon solar cell and SEM image of dispensed finger electrode at b) 0 wt% 

CNF and c) 0.2 wt% CNF through 50 μm nozzle in diameter 

 

After pre-filtered commercially available silver pastes with 1000 and 1550 mesh 

for dispensed through 75 μm and 50 μm nozzle diameter, respectively, the silver pastes 

were dispensed at room temperature. Table 5 shows the dispensing condition which 

indicated that the incorporation of CNF wasn’t affected on the printing condition, but it 

was strongly affected on the reduction of the printed line width. 

 As shown in Fig. 36a), the incorporation of CNF in commercially 

available silver paste, resulted in reduction of dispensed finger electrode width. The 

average dispensed finger electrode width was achieved to be 87.6, 71.1, 73.5 and 74.5 

μm at 0, 0.2, 0.4 and 0.6 wt% CNF through 75 μm nozzle in diameter, and 70.2, 47.72, 

51.19 and 52.6 μm at 0, 0.2, 0.3 and 0.4 wt% CNF through 50 μm nozzle in diameter, 

respectively. 
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Table 5 Printing condition 

Condition 

 

                         Name 

Nozzle dia

meter 

(μm) 

Screw rpm 

(rpm) 

Printing speed  

(mm/s) 

Pressure 

(MPa) 

Nozzle high 

(mm) 

Commercially silver 

paste 
75 40 100 0.45 45.6 

50 60 100 0.485 45.6 
Commercially silver 

paste +0.2 wt% CNF 
75 30 100 0.45 45.6 

50 70 100 0.485 45.6 
Commercially silver 

paste +0.3 wt% CNF 
50 70 100 0.485 45.6 

Commercially silver 

paste +0.4 wt% CNF 
75 40 100 0.45 45.6 

50 70 100 0.485 45.6 
Commercially silver 

paste +0.6 wt% CNF 
75 40 100 0.45 45.6 

 

The electrode width was achieved finer than 50 μm by incorporated 0.2 wt% 

CNF in the commercially available silver paste which dispensed out of the 50 μm nozzle 

in diameter. It is noteworthy that the average width of finger electrodes did not further 

decrease above a certain weight fraction of CNF in silver paste. Moreover there was 

some clogging problem for small nozzle diameter when the CNF concentration was 

increased above 0.4 wt%. 

Fig. 36b) and 36c) demonstrates that the finger electrodes containing CNF can 

construct higher aspect ratio that the silver paste without CNF. Moreover there is no 

necking of electrode. In this study, the geometric width was assumed to be optical finger 

width. Therefore geometrical shading was defined by the ratio of optical finger width to 

finger spacing [54, 55]. To demonstrate the shading losses of solar cell, the printed line 

widths at 0 wt% and 0.2 wt% CNF through 50 μm nozzle in diameter were compared. 

The 78 fingers with a width of 70 μm shaded about 3.5% of the 15.6 × 15.6 cm2 by sized 

of solar cell wafer compared to 2.4% for the solar cell with 48 μm wide fingers 
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Fig.  37  The effect of CNF concentration on finger line width by dispensed on 

photopaper 

This research also studied the influence of surface condition on finger line width. 

The silver paste spread would be limited by dispensed on photopaper due to the clay 

composite coating which is a highly absorbance materials [56]. When the silver pastes 

were dispensed on photopaper, solvent was absorbed and prevented the diffusion of paste 

away from the contact point (Fig. 37b). On the other hand, there are no absorbance 

materials coating on silicon solar cell wafer, resulted in wider line width (Fig. 37a). In 

order to determine the limit of elongational property of silver paste, the dispensed lines 

width on photopaper of commercially available silver paste were compared to the 

dispensed lines on mono-crystalline silicon solar cell with the same weight fraction of 

CNF. 

As expected, the electrodes constructed by dispensing process on photopaper 

shows reduction of line width compared to the line width on mono-crystalline silicon 

solar cell wafer (Fig. 25). The dispensed line width through 50 μm nozzle in diameter 

was achieved as narrow as 30 μm in average at the concentration of 0.2 wt% CNF. Based 

on an experiment resulted, we still have room for constructing ultra-fine electrodes. 

 

Fig.  38 The influence of surface condition of a) silicon solar cell wafer and b) 

photopaper on finger line width 
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4.5 The effect of CNF on thermal property 

In order to confirm the reaction between CNF and other ingredients in silver paste, 

thermo gravimetric analysis (TGA) was investigated. Fig. 39 shows the TGA results of 

pure CNF, pure glass frit (GFV2172), commercially available silver pate and the mixture 

of GFV2172-CNF, Ag-GFV2172-CNF, and commercially available silver paste-CNF in 

the air at 1:0.15, 1:1:0.15 and 20:0.5 weight ratios, respectively. The pure glass frit 

powder has almost no weight loss due to the formation of metal oxide. For the weight of 

GFV2172-CNF and Ag-GFV2172-CNF mixture is remain over than 95% which 

demonstrate that there is no reaction between CNF and other inorganic ingredients.  

According to the TGA of pure CNF, could not completely thermal decompose 

even at high temperature above 800°C. By compare the mixture of CNF in commercially 

silver paste, it is indicated that there is remaining of CNF in silver pate after co-firing 

process. This characteristic was affected to the electrical properties of silver electrodes.    
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Fig.  39  TGA results of pure CNF, pure GFV2172, commercially available silver paste, 

GFV2172-CNF (1: 0.15), Ag-GFV2172-CNF (1: 1: 0.15) and mixture of commercially 

available silver paste – CNF (20: 0.5) in weight ratio 
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4.6 The effect of CNF on electrical properties 

A typical co-firing profile of a crystalline silicon solar cell is shown in Fig. 40. The 

first step, the organic compounds are burnt out at temperature about 400°C. At 

temperature about 800°C, the contacts are formed. Finally, the solar cell wafer is cooled 

down. 
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Fig.  40 The temperature profile of a crystalline silicon solar cell in RTP 

 

During firing process, glass frit which contains lead oxide (PbO) is melted and 

etched the SiNx layer as antireflection coating layer to introduce the conductive particle 

(silver powder) contact with the emitter layer. There are two possibilities of current 

transportation mechanism. First, the current is transport via the silver crystallites which 

direct contact between the silicon substrate and silver particle. Silver crystallites are 

growth and distributed over the surface [57, 58]. Due to the dissolve of silver in glass 

layer, the second probability is current flowing via the nano-silver colloids in glass layer 

[59, 60] (see in Appendix B).  
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4.6.1 The effect of CNF on contact resistivity 

In case of silver paste containing CNF, the electrical properties were affected by 

the increase of CNF concentration. The concept of contact mechanism through CNF 

integration is illustrated in Fig. 38 which based on the nanostructure of CNF. The 

network structure of CNF (Fig. 28) blocked the molten glass frit to etch SiNx layer and 

make less contact between silver electrode and crystalline silicon solar cell wafer (Fig. 

42a and 42b), resulted in increase of contact resistivity (Fig 41).   
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Fig.  41 The statistical analysis of CNF concentration on contact resistivity 

The contact resistivity is slightly increased with increase the weight fraction of 

CNF by dispensed silver paste through 75 μm nozzle diameter, but it became more 

effective when the finger electrode width was narrower. The contact resistivity of 0, 0.2, 

0.3 and 0.4 wt% CNF by dispensed through 50 μm nozzle diameter was 1.213, 0.902, 

2.054 and 3.304 mΩ.cm2, respectively.  

 

Fig.  42 The mechanism to form contact between a) silver paste without and b) with CNF 
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 In order to understand the behavior of CNF in silver electrode, the law of 

filtration [61, 62] was considered. The complete blocking filtration law (Fig. 43c) is 

described as an extreme situation. Each particle that reaches the medium surface 

participated in blocking process that results in sealing of a pore. The further particles are 

not superimposed on those already deposited, the medium surface becomes blocked and 

is no longer available to support the flow of filtration.   

 The intermediate blocking filtration law (Fig. 43b) considers that first coming 

particles medium will block a pore of filter medium, but later particles will come and rest 

on deposited particles to form bridging. This phenomenon occurs when the pore sizes are 

smaller than particles with low to medium concentration of solid in feed. 

 A less several blocking process is described by the standard blocking filtration 

law (Fig. 43a). It is assumed that the pore volume decrease proportionally with the 

filtrate volume produced, due to deposition of particles on the walls of a pore. In this 

case all pores are assumed to be the same length and diameter, and the decrease in pore 

volume is directly related to a decreased in pore cross-sectional area.  

 The standard blocking law is the main approach to depth filtration that describes 

continuous accumulation of particles in medium. The combination of blocking and 

bridging causes cake filtration. Both cake formation and pore blocking can occur in the 

intermediate blocking mechanism. 

 

Fig.  43 Mechanism of filtration of a) the complete blocking filtration law b) the 

intermediate blocking filtration law and c) the standard blocking law 

 In the case of fibrous or woven media which is heterogeneous structure with 

non-uniform size and irregular geometry. The network structure effects on particles 

deposition and packing of filter cake at the medium surface. When the yarn of 

multifilament fabric is made up from many smaller fibers that are twisted together, the 

geometries of fibers a yarns that make up a multifilament fabric are very complex.   
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Fig.  44 Schematic presentation of a) pore network model [63] and b) the effect of CNF 

on penetrability of glass frit [64] 

In this study, CNF filter medium is considered to be network pore model with 

different pore shape and non-uniform is shown (Fig. 44a). Therefore the increase of CNF 

concentration reduced the degree of medium openness or porosity, resulted in lower 

penetrability of glass frit to solar cell surface (Fig. 44b). To further confirm this 

hypothesis, the mixture of GF and CNF was prepared. As shown in Fig. 45, pure glass 

frit particles are loosely packed while porosity is reduced by incorporated CNF in the 

mixture. 

       

Fig.  45 FESEM image of a) pure glass frit and b) mixture of glass frit to CNF at 1:1 

volume ratio (1: 0.15 weight ratio) 

 

 

 

CNF 
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However the concentration of CNF at range of 0 to 0.2 wt% did not impact to the 

contact resistivity in both cases. By compared the contact resistivity of dispensed 

available silver pastes without and with 0.2 wt% CNF through 50 μm nozzle in diameter 

at various screw pumping from 40 to 70rpm, it was found that there is no significant 

difference between screw pumping of 40 and 50rpm for commercially available silver 

paste without CNF and 70rm for available silver paste containing 0.2 wt% CNF, the 

contact resistivity was measured to be 0.211, 0.208 and 0.219, respectively. This implies 

that contact resistivity depended on the finger width since the contact area is inversely 

proportional to the contact resistivity. As contact area increases by increasing the width 

of finger electrode, the contact resistivity decreases [65, 66, 67].  
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Fig.  46 The contact resistivity variation with the screw pumping rpm for the finger 

electrodes which dispensed through 50 μm nozzle in diameter 
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4.6.2 The effect of CNF on resistivity 

The significant potential for further increase cell efficiency is front side 

metallization techniques. Beside of the minimization of shading loose by reduction of 

electrode, high electrode conductivity is also required to transport the current possible 

out of the solar cell wafer without the electrical losses. The calculation the configuration 

of rectangular slice for resistivity measurement is described in detail in Appendix C. 

Fig. 47 demonstrates the resistivity of commercially available silver paste with 

various CNF concentrations. It was observed that the resistivity gradually enhances with 

increase CNF concentration. The electrical transfer was impeded due to the residual of 

CNF in silver electrode. The calculated resistivity at room temperature of 0, 0.2, 0.4 and 

0.6 wt% CNF was recorded to be 9.6, 9.79, 9.95 and 10.6μΩ.cm, respectively, which 

approximately 16 times higher than bulk silver [68]. However, the electrical properties 

decrease could not degrade the solar cell performances. By trade-off between finger line 

width and contact resistivity, the appropriate CNF concentration is 0.2 wt%. 
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Fig.  47 The effect of CNF on resistivity 
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4.7 The effect of CNF on cell efficiency 

The solar cell wafer at least 5 wafers of 3 groups for commercially available 

silver paste without CNF and commercially available silver paste wafer containing 0.2 wt% 

CNF were measured the cell efficiency at different firing temperature.  

Table 6 The comparison between average cell efficiency of solar cells fabricated by 

commercially available silver paste without CNF and commercially available silver paste 

with 0.2 wt% CNF at ramp-up rate of 100°C/s (see more detail in Appendix D) 

Name 
Peak firing 

Temperature (°C) 
Voc (mV) Isc (A) 

Jsc 

(mA/cm2) 

FF  

(%) 
Eff (%) 

Rs  

(mΩ) 
Rsh (Ω) 

Without CNF 790 634.4 8.5 35.6 80.2 18.10 6 17.6 

With 0.2 wt% CNF 790 636.0 8.6 36.0 79.9 18.32 6 82.4 

Without CNF 810 635.60 8.5 35.9 80.2 18.18 6 14.2 

With 0.2 wt% CNF 810 635.67 8.6 35.9 80.0 18.28 6 37.8 

Without CNF 830 635.0 8.5 35.5 79.4 17.92 7 8.6 

With 0.2 wt% CNF 830 635.6 8.6 35.9 79.5 18.14 7 9.9 

 

 Fill Factors above 78.5% implied a good printing performance as well as 

contacting behavior of dispensed silver paste in all groups. On the other hand, the 

slightly decrease in FF of 0.2 wt% CNF cells which is mainly due to a significantly 

increase the series resistance of electrodes.   

A reduction of printed electrode width increased short circuit current density (Jsc) 

values of dispensed metal contact due to substantially lower shading losses. Since the 

incorporation of 0.2 wt% CNF in silver paste enhanced the defect free printability of 

finger electrodes which is a main focus on industrial application. Additionally the 

incorporation of CNF in commercially available silver paste also improved the shunting 

problem, because of the CNF prevented the aggressive glass frit to etch away SiNx and 

emitter layer, as discuss in Appendix E.  
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Fig.  48 The Jsc of commercially available silver paste with and without CNF at different 

peak temperature 
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Fig.  49 The efficiency of commercially available silver paste with and without CNF at 

different peak temperature 

a) b) 
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Consequently, the resulting of average efficiencies show a significant increase of 

all dispensed commercially available silver paste containing 0.2 wt% CNF cells 

compared to the dispensed cells without CNF, which improved +0.22, +0.10 and +0.22% at 

peak temperature 790, 810 and 830°C, respectively. The best cell efficiency exhibited a 

Jsc of 36.06 mA/cm2 and an energy conversion efficiency of 18.52% for commercially 

available silver paste contained 0.2 wt% CNF which was confirm by KIER (Korea 

Institute of Energy Research).  As the temperature increases, the bowing of the wafer or 

microcrack in the wafer might occur, large defect of wafer leading to an increase in 

surface recombination which causes an increase the leakage current [44], resulted in 

lower cell efficiency. Therefore the appropriate peak firing temperature is in the range of 

790 to 810°C. 

Even the CNF is better than MWCNT in term of dispersibility, the big void also 

be found in the firing finger electrode which dispensed from commercially available 

silver paste containing 0.6 wt% CNF. This indicates the low dispersibility of CNF in 

silver paste and large standard deviation is presented.  
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5. Conclusion 

In order to improve the defect free printability and minimize shading losses, the 

addition of CNF in silver paste was successfully approach. A continuous printing process 

was applied at printing speed 100mm/s with single-pass dispensing and also 26% less 

silver paste consumption, which can be scaled for an application in cell production. 

The line width of electrode was narrower by increase the weight fraction of CNF 

due to the elongational property. The homogeneously dispensed finger electrode width 

on crystalline silicon solar cell with a 50 µm nozzle diameter was achieved as narrow as 

47.72 µm in average by adding 0.2 wt% CNF, which was narrower than the width of 

silver paste without CNF by 31%.  

The maximum efficiency of solar cell prepared by commercially available silver 

paste containing 0.2 wt% CNF exhibited 18.52%. The temperature profile during the co-

firing process does influence to the produced cells. The commercially available silver 

paste containing 0.2 wt% CNF shows an efficiency improved +0.22, +0.10 and +0.22% 

at peak temperature 790, 810 and 830°C, respectively, in comparison to the 

commercially available solar cell without CNF. Since the microcrack generation leading 

to an increase in surface recombination, resulted in lower efficiency at high temperature. 
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Appendices 

 

 

 

 The treatments in Appendices A to D are neither rigorous nor complete; they are 

intended to be illustrative and given the types of theories involved or some experiment 

data for supporting the dissertation. 

 

Appendix A.  The viscosity measurement 

Appendix B.  Contact formation 

Appendix C.  Resistivity measurement on thin rectangular slice 

Appendix D.  Solar cell efficiency 

Appendix E.  Sheet resistance, shunt resistance and I-V curve  
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Appendix A 

Viscosity measurement  

 Functional principle: 

 The substance which needs to be measured the viscosity is filled in the gap 

between rotor and container of system. The motor is rotated at a known speed (v). Due to 

the viscosity of fluid, a resistance is exerted to this rotational movement as a torque value 

(τ) which applied on the viscometer measurement [69]. The measurement principle is 

shown in Fig. A-1. 

  

Fig. A- 1 The measurement principle of viscometer [69] 

 Calculation procedure: 

 Viscosity (μ) describes by definition the relationship between shear stain rate (𝛾 ∙ ) 

and shear stress (τ). 

𝜇 =  
𝜏

𝛾∙
       [A-1] 

 Starting with the measured values for “torque (τ)” and “speed (V)”, the geometric 

characteristics of the various sensor systems are accounted for in the calculation by the 

system factors; the equation [7] can now be supplemented as follows:  

 𝜇 =  
𝐹 .  𝜏

𝑀 .𝑉
      [A-2] 
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 The further steps in the calculation process are not illustrated here, but they result 

in the following equations: 

Cylinder systems: 

𝐹 =  
0.01

2𝜋𝐿𝑅𝑖
2   , 𝑀 =  

𝜋

15
.

𝑅𝑎
2

𝑅𝑎
2−𝑅𝑖

2     [A-3] 

Plate-cone systems: 

𝐹 =  
0.03

2𝜋𝑅𝑖
3  , 𝑀 =  

𝜋

30𝛼
     [A-4] 

 

Fig. A- 2 Schematics of cone-plate and plate-plate model [70] 

Where:  

 Ri is radius of the rotor (inner cylinder or cone) (m), Ra is radius of the cup (outer 

cylinder) (m), L is rotor length (inner cylinder) (m), 𝛼 is angle of rotor or cone (rad), τ = 

torque (N.cm) and n= rotor speed (1/min) [70]. 
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 Flow properties regarding viscosity behavior: 

 A few basic phenomena have been summarized below in order to enable a better 

understanding of the flow properties. They can be categorized in accordance with the 

behavior of viscosity, as shown in Table A-1. 

Table A- 1 The categorized of viscosity behavior 

Name Properties Graph [70,71] 

Newtonian 

 

The viscosity does not change with shear stain 

rate and shear stress. 

 

 

Pseudoplastic/ 

Shear thinning 

 

The viscosity decreases with increase shear 

stain rate and shear stress. 

 

Dilatant/      Shear 

thickening 

 

The viscosity increases with increase shear 

stain rate and shear stress. 

 

Bingham plastic   

- Substances start flowing after applied at a 

certain force (shear stress) 

- The yield point strongly depends on external 

parameters like temperature and change rate of 

the acting force. 

 

Thixotropix  

- Non-Newtonian behavior in which the 

viscosity decreases with increase shear rate.  

- The substance will eventually regain their 

viscosity after removal the load. 

 

 
 

Rheopetic  

- Non-Newtonian behavior in which the 

viscosity decreases with increase shear rate.  

- The substance will eventually regain their 

viscosity after removal the load 
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Appendix B 

Contact formation  

 Front contact formation and current transportation 

 Typically silver paste consists of silver powder, glass frit, solvent, organic 

blinder, rheplogical modifier and other additives. Glass frits is a key to promote the 

contact formation between n-type emitter of silicon solar cell and silver electrode and also 

affects the metal powder sintering kinetics.  

Normally a lead oxide (PbO) glass is the most important ingredients. Other  

additives as bismuth, zinc, titanium and aluminium can be added. However the amount 

and type of glass frit is responsible for an Voc degradation at high temperature since large 

amounts of the emitter region are dissolved, contaminated and recrystallited [72]. 

Before forming contact between silver and silicon, the SiNx is normally used for 

antireflection coating (ARC) and SiO2 is used for surface passivation need to be opened. 

At temperature about 600-700°C, the fluidize glass frit wets the SiNx surface. The 

reaction between lead oxide glass frit and SiNx dielectric layer is given as: 

SiNx (s) + 2PbO (in glass) → SiO2 (in glass) +2Pb (l) + x/2 N2 (g)  [B-1] 

The products of this reaction are liquid lead particle precipitating above silicon 

wafer. Nitrogen glass (N2) generates large pores in the glassy layer. At the same time, 

silver dissolves into the fluidized glass as silver ions through the interaction with oxygen 

and the sintering of silver power occurs even though the temperature is kept below the 

melting temperature of silver due to the eutectic point of Ag-Si. An interaction between 

silver ions and oxygen in the atmosphere is shown through the follow reaction [73]:   

4Ag(in glass) + O2 (g) →  4Ag(in glass)
+ +  2O(in glass)

2−    [B-2] 

Both oxygen and silver ions dissolve in the molten glass and diffuse toward 

silicon wafer and then react with SiNx layer. The etching of SiNx layer and silicon emitter 

by glass frit together with silver powder was likely to occur through the following redox 

reactions: 

4Ag+ (in glass) + SiNx (s) + 2O2-→ 4Ag (l) + SiO2 (in glass) + x/2 N2 (g)        [B-3]  

Si(s) +  4Ag(in glass)
+ +  2O(in glass)

2− → 4Ag(in glass) + SiO2 (in glass)          [B-4] 
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During cooling stage of firing, silver particles are divided against lead particles 

due to their phase diagram. Silver precipitates as silver crystallites which shows invert 

pyramids in Fig. B-1 on the silicon emitter surface. The precipitation of lead in the glass 

layer are still found in the firing cell because the dissoluble of silver particle in lead. 

Fig B-1 shows front contact formation model after co-firing. During the firing 

process, silver crystallites are growth and distributed over the surface. There are two 

possibilities of current transportation mechanism. First, the current is transport via the 

silver crystallites which direct contact between the silicon substrate and silver bulk or 

current flows through a very thin (<10 nm) glass layer by tunneling. Due to the dissolve 

of metal in glass layer, another probability is current flowing via that dissolve silver 

precipitate in glass layer by multi-step tunneling via metal precipitates. 

 

 

Fig. B-1 Model of contact formation [74]. 

 

Since the interaction of earlier molten glass frit and silver particles are allowed 

for a long period of time, the junction shunting might occur in shallow emitter with low 

glass transition temperature (Tg) of glass frit due to the providing of a thicker glass layer 

and larger silver crystallite. Therefore, thin glass layer is desirable for tunneling and a 

thin glass regions with a large number of very small silver crystallites is appropriate for 

shallow emitters. Moreover the thin glassy layer demonstrates lower contact resistance 

[75].  
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Back surface filed (BSF) formation 

The surface passivation layer is required at the front side metallization to 

minimize surface recombination which is the main impact on Isc and Voc for solar cell [76, 

77]. A similar effect is employed at the back surface to reduce the rear surface 

recombination, called back surface field (BSF) by acts as another PN junction. In the 

term of optical property, the back contact must reflect with a few absorption, thus it 

provides effectively to light trapping [78, 79]. 

The appropriate dopant for back surface field (BSF) is aluminum which is 

deposited on rare side of silicon substrate by different techniques. After applied high 

temperature about 577◦C, silicon diffused to aluminium and formed layer of aluminium-

silicon alloy. As shown in Fig. B-2, the back contact consists of: sintered aluminium 

particles as a granular region in a matrix of glass, alloyed region due to the Al-Si eutectic 

and aluminium-doped region that has grown epitaxial on the silicon surface with 10 μm 

in thickness which shows the interface waviness due to the texturing of cell. 

 

Fig. B-2 Cross-section of back contact region [77] 

 There are several important factors that affect the BSF quality, one is junction 

uniformity. The uniformity is controlled by the ramp-up rate. For the slow ramp-up rate, 

alloying between silicon and aluminium can form a local wetting, results in 

nonuniformities in BSF layer which include the variation in junction depth, and 

roughness of p+ region. For the fast ramp-up rate, the wafer rapidly reaches to the 

eutectic point. As the co-firing process temperature about 800°C, the molten aluminium 

readily wets the entire of silicon surface. The uniformity of alloy is promoted, leads to 

uniform BSF region. At the same time, both junction depth and p+ region also increase 

as the BSF alloying temperature increase [80, 81]. However, a cooling rate is desirable 

for a large P+ region. Since the different requirement at front and back surface, therefore, 

the peak firing temperature and ramp-up condition have to optimize. 
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Appendix C 

Resistivity measurement on thin rectangular slice 

 Geometric factors in four point resistivity measurement: 

 The electrical resistance (R) of an object is defined as the ratio between voltage 

(V) that causes current (I) to flow through the object, and the current itself.  

 In semiconductor resistivity measurements, the most arrangement of the four 

points is in line. Normally the outer contacts conduct the current and voltage is measured 

by the inner point as show in Fig. 44.  

 

Fig. C- 1 The configuration of rectangular slice for resistivity measurement [82] 

 

 The very important task of calculating the correction factor (C) for various 

shapes and dimensions has been performed during the last decade for most practical 

applications. The resistivity is given by; 

ρ =  
𝜋

ln 2
. 𝑡. 𝐶1 (

𝑏

𝑠
,

𝑎

𝑏
) . 𝐶2.

𝑉

𝐼
    [D-1] 

 

 When ρ is resistivity, t is thickness, V is measured voltage, I is the current passed 

through the sample,  𝐶1 (
𝑏

𝑠
,

𝑎

𝑏
) is the size correction factor which is shows in Table C1 

and C2 is the thickness correction factor which show in Table D-1. 

 



 

58 
 

Table C- 1 shows the size correction factor (C1) of Four-Point Probe Resistivity 

Measurement on thin, rectangular slice 

𝑏

𝑠
 

𝑎

𝑏
= 1 

𝑎

𝑏
= 2 

𝑎

𝑏
= 3 

𝑎

𝑏
≥ 4 

1.00   0.2204 0.2205 

1.25 0.2751 0.2751 

1.50 0.3263 0.3286 0.3286 

1.75 0.3794 0.3803 0.3803 

2.00 0.4292 0.4297 0.4297 

2.50 0.5192 0.5194 0.5194 

3.00 0.542 0.5957 0.5958 0.5958 

4.00 0.6870 0.7115 0.7115 0.7115 

5.00 0.7744 0.7887 0.7888 0.7888 

7.50 0.8846 0.8905 0.8905 0.8905 

10.0 0.9313 0.9345 0.9345 0.9345 

15.0 0.9682 0.9696 0.9696 0.9696 

20.0 0.9822 0.9830 0.9830 0.9830 

40.0 0.9955 0.9957 0.9957 0.9957 

∞ 1.0000 1.0000 1.0000 1.0000 

 

Table C- 2 shows the thickness correction factor (C2) [83] 

𝑡

𝑠
 

C2 

<0.4 1.0000 

0.400 0.9995 

0.500 0.9974 

0.555 0.9948 

0.625 0.9896 

0.714 0.9798 

0.833 0.9600 

1.00 0.9214 

1.111 0.8907 

1.250 0.8490 

1.429 0.7938 

1.667 0.7225 

2.00 0.6336 
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Appendix D 

Solar cell efficiency 

 Two groups of solar cell were measured the cell efficiency at different peak 

firing temperature. Each firing temperature contains at least 5 wafers. Their parameters 

were shown in Table D-1 and D-2. 

Table D- 1 Cell efficiency of commercially available silver paste without CNF 

 

 

 

 

 

 

 

wafer no.
Peak finring

Temperature (°C)

Ramp-up

rate (°C/s)

average finger line

width (μm)
Voc

(mV)
Isc (A)

Jsc

(mA/㎠)

FF

(%)

pFF

(%)

Pm

(W)

Vm

(V)
Im (A) Eff  (%)

pEff

(%)

Rs

(mΩ)
Rsh (Ω)

1 784 97.93 59.996 634 8.621 36.07 79.0 83.0 4.321 0.539 8.018 18.1 18.9 6 8.55

3 791 100.34 61.538 633 8.480 35.48 80.7 82.6 4.335 0.545 7.954 18.1 18.5 7 17.82

7 789 99.66 68.45 635 8.539 35.73 80.2 83.0 4.348 0.546 7.965 18.2 18.7 6 10.21

10 781 96.9 87.518 635 8.401 35.15 80.6 83.2 4.300 0.546 7.876 18.0 18.5 7 13.05

13 792 100.89 75.952 635 8.460 35.40 80.5 83.2 4.329 0.546 7.930 18.1 18.6 6 38.13

wafer no.
Peak finring

Temperature (°C)

Ramp-up

rate (°C/s)

average finger line

width (μm)
Voc

(mV)
Isc (A)

Jsc

(mA/㎠)

FF

(%)

pFF

(%)

Pm

(W)

Vm

(V)
Im (A) Eff  (%)

pEff

(%)

Rs

(mΩ)
Rsh (Ω)

4 815 101.61 63.096 636 8.475 35.46 80.7 82.9 4.353 0.552 7.887 18.2 18.6 6 12.07

5 808 99.35 69.76 636 8.535 35.71 80.1 82.7 4.347 0.552 7.876 18.2 18.7 6 6.11

8 815 101.61 74.76 635 8.513 35.62 80.5 82.7 4.350 0.552 7.882 18.2 18.6 6 6.14

11 816 101.94 70.478 635 8.434 35.29 80.6 83.0 4.320 0.546 7.914 18.1 18.5 6 38.39

17 809 99.68 60.95 636 8.614 36.04 79.3 4.339 0.541 8.021 18.2 6 6.15

wafer no.
Peak finring

Temperature (°C)

Ramp-up

rate (°C/s)

average finger line

width (μm)
Voc

(mV)
Isc (A)

Jsc

(mA/㎠)

FF

(%)

pFF

(%)

Pm

(W)

Vm

(V)
Im (A) Eff  (%)

pEff

(%)

Rs

(mΩ)
Rsh (Ω)

2 827 99.09 61.194 635 8.616 36.05 80.6 82.7 4.408 0.552 7.987 18.4 18.9 6 3.39

6 826 98.79

9 826 98.79 73.334 634 8.357 34.97 79.9 82.9 4.234 0.539 7.857 17.7 18.3 6 8.91

12 816 95.75

15 822 97.56 72.734 636 8.467 35.43 78.4 83.0 4.220 0.540 7.817 17.7 18.6 7 4.14

14 823 104.19 73.334 635 8.430 35.27 80.2 83.0 4.298 0.540 7.960 18.0 18.5 6 8.19

18 825 104.84 62.38 635 8.626 36.09 77.9 4.265 0.535 7.973 17.8 8 18.57

Target peak Temperature : 790°C, ramp-up rate : 100°C/s

Target peak Temperature : 810°C, ramp-up rate : 100°C/s

Target peak Temperature : 830°C, ramp-up rate : 100°C/s
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Table D- 2 Cell efficiency of commercially available silver paste containing 0.2 wt% 

CNF 

 

 

 

 

 

 

 

 

 

 

 

wafer no.
Peak finring

Temperature (°C)

Ramp-up

rate (°C/s)

average finger line

width (μm)
Voc

(mV)
Isc (A)

Jsc

(mA/㎠)

FF

(%)

pFF

(%)

Pm

(W)

Vm

(V)
Im (A) Eff  (%)

pEff

(%)

Rs

(mΩ)
Rsh (Ω)

2 791 100.34 46.806 635 8.583 35.91 80.6 83.1 4.395 0.552 7.963 18.4 18.9 6 449.80

4 789 99.66 48.096 637 8.679 36.32 80.1 82.9 4.425 0.547 8.091 18.5 19.1 6 6.52

8 792 100.69 48.816 638 8.567 35.85 80.6 83.1 4.408 0.542 8.135 18.4 18.9 6 6.32

10 790 100 48.096 637 8.617 36.06 80.4 82.9 4.417 0.553 7.988 18.5 18.9 6 6.72

15 782 97.24 45.95 634 8.623 36.08 78.8 4.313 0.535 8.062 18.0 7 13.35

16 792 100.69 46.38 635 8.623 36.08 78.9 4.318 0.535 8.072 18.1 7 11.85

wafer no.
Peak finring

Temperature (°C)

Ramp-up

rate (°C/s)

average finger line

width (μm)
Voc

(mV)
Isc (A)

Jsc

(mA/㎠)

FF

(%)

pFF

(%)

Pm

(W)

Vm

(V)
Im (A) Eff  (%)

pEff

(%)

Rs

(mΩ)
Rsh (Ω)

1 814 101.29 45.24 638 8.603 36.00 79.1 83.1 4.341 0.541 8.025 18.2 19.0 7 14.50

5 813 100.96 48.81 634 8.568 35.85 80.4 82.8 4.370 0.551 7.933 18.3 18.8 6 14.23

7 815 101.61 49.246 637 8.615 36.05 80.2 83.1 4.403 0.553 7.964 18.4 19.0 6 8.96

12 804 98.06 48.602 637 8.599 35.90 80.7 82.9 4.418 0.553 7.990 18.5 18.9 6 7.59

14 815 101.61 48.81 636 8.619 36.06 80.8 83.2 4.425 0.546 8.105 18.5 18.9 6 21.26

19 815 101.61 45.16 632 8.553 35.79 78.5 4.248 0.533 7.971 17.8 7 160.56

wafer no.
Peak finring

Temperature (°C)

Ramp-up

rate (°C/s)

average finger line

width (μm)
Voc

(mV)
Isc (A)

Jsc

(mA/㎠)

FF

(%)

pFF

(%)

Pm

(W)

Vm

(V)
Im (A) Eff  (%)

pEff

(%)

Rs

(mΩ)
Rsh (Ω)

3 831 100.3 49.462 637 8.593 35.95 79.1 83.1 4.326 0.535 8.087 18.1 18.9 6 6.54

6 830 100 47.97 636 8.561 35.82 78.2 83.0 4.259 0.540 7.888 17.8 18.8 7 4.80

9 829 99.7 48.548 637 8.572 35.87 79.9 83.0 4.363 0.547 7.978 18.3 18.8 6 7.38

13 824 101.25 48.572 635 8.565 35.84 80.9 83.1 4.398 0.546 8.057 18.4 18.8 6 18.70

18 838 105.625 46.67 633 8.613 36.04 79.3 4.325 0.539 8.025 18.1 7 7.26

Target peak Temperature : 790°C, ramp-up rate : 100°C/s

Target peak Temperature : 810°C, ramp-up rate : 100°C/s

Target peak Temperature : 830°C, ramp-up rate : 100°C/s
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Appendix E 

Sheet resistance, shunt resistance and I-V curve 

 When the equivalent circuit of a solar cell is considered, two important 

resistances in solar cell fabrication can be seen as Fig. E-1. One is shunt resistance (Rsh) 

which caused by the leakage across the junctions around the edge of the cell and the 

manufacturing defects. Another is series resistance (Rs) which caused by the bulk 

resistance of semiconductor materials. The bulk resistance includes the resistance of the 

metallic contacts, interconnections and the contact between the metal electrode and the 

semiconductor. In order to minimize the loss in solar cell, the shunt resistance should to 

be as high as possible and series resistance should to be as low as possible. High series 

resistance effects on the reduction of the output voltage, resulting in lower FF. A low 

shunt resistance effects on leaking of some current and also lowers the FF [84]. 

 

Fig. E-1 The equivalent circuit model [85] 

 Although there are a variety of methods to estimate Rsh and Rs, one of the most 

straightforward techniques is to measure the slope of IV characteristics as shown in Fig. 

E-2. Rsh and Rs is represented by the slope at Isc and Voc, respectively [86, 87]. 

 

Fig. E-2 Obtaining values for Rs and Rsh from I-V curve [86] 
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 Superimposition of IV characteristic of cells prepared by commercially available 

silver paste without CNF is obtained with cells prepared by commercially available silver 

paste with 0.2 wt% CNF at different peak firing temperature. The Origin software is used 

in the operation of the curves enables a sample fitting direct access to the slope (shunt 

resistance) on the previous described zones. This method allows to accurately the value 

of shunt resistance without using the equation.  

 As shown in Fig. E-3 to Fig. E-6, the incorporation of CNF in commercially 

available silver paste not only improved the shunting problem because of the CNF 

prevented the aggressive glass frit to etch away SiNx and emitter layer but also improved 

the Jsc due to the substantially shading losses. However there is no difference between Rs 

of both cells. The results obtained are summarized in Table E-1. 

 

Table E-1 Summary of shunt resistance from I-V curves. 

CNF 

concentration 

(wt%) 

Peak firing 

temperature (°C) 
Slope at Isc -(1/slope) 

Shunt 

resistance () 

0 790 -0.228 4.39 4.39 

0.2 790 -0.140 7.14 7.14 

0 810 -0.148 6.76 6.76 

0.2 810 -0.133 7.52 7.52 

0 830 -0.233 4.29 4.29 

0.2 830 -0.163 6.13 6.13 
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Fig. E-3 I-V curve of cells prepared by commercially available silver paste without and with 0.2 wt% CNF at peak temperature of 790°C 
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Fig. E-4 I-V curve of cells prepared by commercially available silver paste without and with 0.2 wt% CNF at peak temperature of 810°C 
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Fig. E-5 I-V curve of cells prepared by commercially available silver paste without and with 0.2 wt% CNF at peak temperature of 830°C 
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Fig. E-6 J-V curve of cells prepared by commercially available silver paste without and with 0.2 wt% CNF at peak temperature of 790, 810 and 830°C
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