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Abstract. This study addresses the challenge of enhancing the efficiency of silicon solar cells by investigating the electrical performance of 
phosphorus-doped silver (Ag-P) pastes used in screen-printed contacts on p-type silicon wafers. Conventional silver (Ag) pastes serve as conductive 
contacts but lack the ability to simultaneously doped the emitter region, leading to complex fabrication processes and limiting cell efficiency. To 
overcome this, we explore an in-situ approach using Ag-based paste and phosphoric acid (H3PO4), which combines emitter doping and contact 
formation, thereby simplifying fabrication while enhancing performance. In this study, both un-doped and phosphorus-doped Ag pastes were screen-
printed onto planar, textured, and silicon dioxide-passivated silicon wafers, followed by annealing at 900°C by using a round quartz tube furnace with 
45s in and 45s out with a holding time of the 40s. Electrical performance was measured through light-current-voltage (LIV) and quantum efficiency 
analyses. According to the short circuit current density (JSC) for only Ag-based paste screen-printed on only one-sided (A) and both-sided (B) indicates 
a higher JSC value of 9.63 mA/cm2 for A meanwhile, sample B gains 7.54 mA/cm2. For comparison, the JSC values for screen-printed Ag-P on only 
one side (A) and both sides (B) are 10.4 mA/cm² and 10.4 mA/cm², respectively. Thus, the overall efficiency of Ag-P screen-printed on a one-sided 
Si wafer was 1.65% higher than that of the rest of the samples. However, the internal quantum efficiency (IQE) and external quantum efficiency (EQE) 
for Ag-P screen-printed on Si wafer display higher percentages between 80-83% and 63-73% at a wavelength range of 650 to 900 nm than the rest of 
the samples. The QE measurements reveal that Ag-P paste effectively mitigates surface recombination losses, resulting in higher efficiency and 
improved charge carrier collection. These findings indicate that Ag-P paste offers a viable alternative to conventional screen-printed contacts by 
enhancing both device performance and electrical efficiency through integrated doping and contact formation. This work suggests that Ag-P paste 
could play a vital role in advancing high-performance silicon solar cell technologies. 
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1. Introduction 

The photovoltaic industry plays a crucial role in the global 
energy landscape (Abid et al., 2023; Andreani et al., 2019; Y. 
Zhou, 2013) competing with renewable and conventional 
energy sources. Crystalline silicon (c-Si) (Goodrich et al., 2013; 
Lan et al., 2015; Sopian et al., 2017) wafer-based technologies 
dominate the photovoltaic market for terrestrial applications 
due to their high efficiency, stability, and technological 
advancements leveraged from the microelectronics industry. 
However, the high production costs of c-Si solar cells 
necessitate continuous research aimed at developing low-cost 
alternatives without compromising performance. The 
fabrication (Battaglia et al., 2016; Sui et al., 2021) of silicon solar 
cells involves several key steps, such as surface texturing 
(Basher et al., 2019; Kim et al., 2020; Mohd Rais et al., 2022), 
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emitter diffusion (n+ and p+ regions) (Li et al., 2017; Mohd Ahir 
et al., 2018; Sheng et al., 2019), anti-reflection coatings (ARC) 
(Akter et al., 2022; L. Zhou et al., 2018), and contact metallization 
(Oh et al., 2019; Sepeai et al., 2011; Shanmugam et al., 2014; Wu 
et al., 2017). These processes play a pivotal role in determining 
crucial electrical parameters such as open-circuit voltage (VOC), 
short-circuit current density (JSC), and fill factor (FF), all of which 
are influenced by specific fabrication conditions. Although 
conventional Si processing technology is well-established, 
continuous modification of fabrication techniques and device 
structure remains necessary to further improve the electrical 
performance of solar cells. 

Currently, most photovoltaic manufacturers use boron-
doped p-type wafers to fabricate c-Si solar cells. Figure 1 shows 
the conventional fabrication process of silicon solar cells. As 
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noted in previous studies, each processing step in the 
conventional screen-printing solar cell contributes to certain 
losses. Despite process losses in traditional screen-printed cells, 
screen-printing technology remains a cost-competitive and 
robust approach due to advancements in printing media and the 
simplicity of the method. 

Screen-printing technology has garnered considerable 
attention due to significant advancements in printing media and 
the simplicity of the process. This technology also enhances 
throughput and reduces production costs. While several 
alternatives to screen-printing exist for improving cell 
efficiency, the current screen-printing technology is more 
mature and cost-effective compared to newer methods which is 
widely implemented in fabricating Passivated Emitter and Rear 
Contact (PERC) (Lorenz et al., 2018), Interdigitated Back 
Contact (IBC) (Chowdhury et al., 2019), and Heterojunction 
(HIT) (C. Chen et al., 2023). Consequently, approximately 85% 
of silicon solar cells are manufactured using screen printing of 
thick film pastes (Antoniadis, 2011; Lorenz et al., 2018). In a 
typical solar cell manufacturing process, screen-printing has the 
potential to increase efficiency and reduce costs, particularly as 
metallization pastes continue to evolve, and new generations of 
pastes become available. 

In the standard manufacturing process, silver (Ag) paste is 
screen-printed onto the front side of silicon wafers, while 
aluminum (Al) is applied and fired onto the rear to establish a 
conductive circuit. The front silver paste, serving as the 
electrode, plays a crucial role in optimizing the light conversion 
efficiency of silicon solar cells. The contact resistance between 
the Ag grid and the c-Si wafer is largely influenced by the glass 
system within the paste, which aids in etching or penetrating the 
ARC layer, thereby enhancing electrical connectivity (Yüce et 
al., 2019). Additionally, the paste’s composition is tailored to 
enable the printing of narrow grid lines with a high aspect ratio, 
minimizing shading losses and increasing the cell’s exposed 
surface area for light absorption (Lee & Heo, 2017; Thibert et al., 
2014). Furthermore, functional additives in the paste, such as 
metal oxides and glass-modifying compounds, help form a low-
resistance ohmic contact with the lightly doped silicon emitter, 
effectively reducing recombination losses and enhancing the 
cell's overall efficiency by improving charge carrier collection 
(Tepner et al., 2021; Tepner & Lorenz, 2023). 

In recent years, advancements in metallization pastes have 
sought to address the need for improved efficiency and cost 
reduction in silicon solar cells. Among these, phosphorus-doped 
silver (Ag-P) pastes have emerged as a promising alternative to 
traditional Ag pastes (Porter et al., 2002; Rujhan et al., 2024; 
Sinin et al., 2023). By incorporating a phosphorus (P) dopant 
from phosphoric acid (H3PO4) into the Ag paste, this material 

serves as the conductive contact for the front electrode and 
enables simultaneous doping of the emitter region during the 
metallization process. This dual functionality reduces the 
complexity of cell fabrication by combining contact formation 
and emitter diffusion into a single step (Kulushich et al., 2012; 
Zanesco et al., 2019). The incorporation of P offers the potential 
for lower contact resistance and enhanced carrier collection, 
ultimately improving the electrical performance of the solar 
cells. As new generations of doped pastes are being explored, 
Ag-P paste presents an innovative approach to optimizing both 
the cost and efficiency of silicon solar cells. 

Thus, this paper investigates the electrical performance of 
phosphorus-doped silver-based (Ag-P) paste as an alternative to 
conventional metallic dopant pastes. The formation of Ag-P 
paste is a combination of Ag paste with H3PO4.   The Ag-P paste 
aims to simultaneously create the metallic contact and emitter 
region on the silicon wafer through an in-situ process. This 
involves the simultaneous diffusion of Ag and H3PO4 during 
screen printing, providing a potentially efficient and cost-
effective method for solar cell fabrication.  

2. Methodology  

Several p-type single crystalline of (100) orientation was used. 
The samples were ±175 µm thick and had a resistivity of 0.5~3.0 
Ω.cm respectively. The Si was cleaned by using a mixture of 
10% of sodium hydroxide (NaOH) for 10 minutes and rinsed 
with deionized water. Then dipped into the mixture of 
hydrofluoric acid (HF) with distilled water (H2O) with ratio of 
1:50 (HF: H2O) for 1 minutes and rinsed with deionized water to 
get a hydrophobic surface. The cleaned samples were divided 
into three categories, which are planar, textured and passivated 
wafers. For planar, the process was stopped until the 
hydrophobic surface. For textured wafers, the balanced of the 
planar wafers were textured in the solution of potassium 
hydroxide (KOH) mixed with hydrogen peroxide (H2O2) and 
distilled water (H2O) with a ratio of 1:5:125 (KOH:H2O2:H2O) for 
30 minutes. Several textured wafers were passivated by 
depositing a thin layer of silicon oxide (SiO2) using three stack 
furnaces at a higher temperature (921°C) for 45 minutes.  
Finally, the metallization processes were carried out using 

 
Fig 1 Schematic diagram of conventional fabrication process of 
silicon solar cell 

 

 

Fig 2 Summarized process of in-situ doping of Phosphorous in 
Silver paste Screen-printed Contact on Silicon Solar Cell 
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screen-printing of silver (Ag) and aluminium (Al) pastes by 
employing identical grid masks on the front and back surfaces. 
Two types of Ag pastes were used, which are Ag-based 
(undoped) paste and phosphorus-doped Ag-based, known as 
Ag-P paste. The formation of Ag-P paste is a combination of 
silver paste with phosphoric acid (H3PO4) (Meier et al., 2000; 
Rujhan et al., 2024; Shanmugam et al., 2016; Sinin et al., 2023). 
The Ag paste weight of 10 mg is mixed with a variation of 
percentage H3PO4solution as a dopant source. The mixture is 
swirled constantly for 5 min to make sure it is well mixed. 10% 
Ag/P paste is the most compromising to be used as dopant 
paste for both n-type and p-type wafers with different annealing 
times (40 sec, 20 sec), respectively, due to its improvement from 
semi-ohmic to ohmic behaviour and well-annealed together in 
in-situ process on the Si wafer (Sinin et al., 2023). The samples 
were subsequently annealed at 900°C by using a quartz tube 

furnace with 45s in and 45s out with a holding time of the 40s. 
The electrical performance of the silicon solar cells was 
measured using light-current-voltage measurement to find the 
efficiency, and incident-photon-to-current-efficiency (IPCE) 
measurement was used to measure the external and internal 
quantum efficiency of the cells. Figure 2 summarises all the 
processes involved in this paper while Figure 3 illustrated the 
structure for each wafer along this fabrication process. 

3. Results and Discussion 

3.1 Microstructure and Morphology 

Past research by Sinin et al. (Sinin et al., 2023) optimizes the 
concentration factor on the mixture of silver (Ag) paste and 
phosphoric acid (H3PO4) solution as a dopant paste for contact 

 
 

 

Fig 3 Structure of planar, textured and passivated of silicon wafer 

 

 
 

Fig 4 FESEM top view image of (A) reference (Ag-based paste), (B) 5% of Ag/P for 10s annealing, (C) 5% of Ag/P for 40s annealing, (D) 10% of 
Ag/P for 10s annealing and (E) 10% of Ag/P for 40s annealing 
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formation in silicon solar cells. The morphology and topography 
of the phosphorus-doped silver (Ag-P) paste concentration were 
investigated using Field Emission Scanning Electron 
Microscopy (FESEM).  

Figure 4 shows the topography view images from FESEM 
for reference (Ag-based) sample and Ag-P (5% and 10%) on p-
type silicon (p-Si) wafers for 10s and 40s respectively. According 
to Figure 4 (a), the adjoining particles from Ag paste fuse 
together and agglomerate into bunches for reference (A) 
sample. Other than that, the dopant paste of Ag-P exhibits a lot 
of H3PO4 excess in the surface due to shorter time for annealing 
process for 5% Ag-P paste as shown in Figure 4(b). Meanwhile, 
Figure 4 (c) shows a better diffusion of H3PO4 on Ag paste as the 
distribution of the larger phosphorous (P) precipitate has been 
reduced and well diffused as compared with 5% Ag-P Based on 
Figure 4(d), less concentration of P precipitates for 10% Ag-P 
than 5% Ag-P appears on p-Si due to a more uniform formation 
of a higher percentage of P mixed with Ag paste when annealed 
with the same time taken. Meanwhile, Figure 4(e) shows a well 
distribution of P as the combination of Ag-P paste annealed at 
longer duration makes the metallic dopant paste more uniform 
and there are no hollows shown as compared with Figure 4(c) 
and (d). This is due to the reaction between Ag and P at high 
temperature and longer duration will make the Ag-P paste melt 
more melted and make the metallic dopant paste automatically 
fill the hollow as shown in Figure (d).  

Figure 5 exhibit the cross section for the Ag-based and 
Ag-P with different concentration (5% and 10%) at different 
holding time (10s and 40s) during annealing process. According 
to Figure 5 (b), (c), (d), and (e), the Ag-P pastes were melted and 
filled the hollow gaps between Ag-based, as shown in Figure 
5(a). Besides that, Figure 5 (e) exhibits a denser Ag-P dopant 
paste than the rest of the concentration Ag-P and the annealing 
time taken. Thus, 10% of Ag-P paste were selected with 
annealing time of 40s to be used throughout this experiment to 
investigate the electrical performance. A higher Ag-P 
concentration (10%) and longer annealing time (40s) resulted in 

better diffusion, densification, and improved contact formation, 
reducing voids and enhancing conductivity. Therefore, 10% Ag-
P with 40s annealing was selected to optimize electrical 
performance in the experiment. 

3.2 Current-Voltage (I-V) Measurement 

In silicon solar cells, to enhance more incident light being 
absorbed on the front surface, the anti-reflection coating-like 
passivation layer from a thermally grown silicon oxide thin layer 
has been created (Zhang et al., 2019). In this experiment, the 
wafers were coated with a thin layer of silicon oxide (SiO2) in a 
three-stack furnace at a higher temperature of 900-1000°C for 
45 minutes. This process is known as the wet process of thermal 
oxide diffusion. Normally, the layer will deposit on both sides, 
but, in this experiment, we remove one side layer of SiO2 of 
several wafers by using vapour method from vapour produced 
from hydrofluoric acid (HF) solution until the layer is totally 
removed (surface becomes hydrophobic).   

The interfacial oxide, specifically the thermally grown SiO2 
layer, interacting with the emitter and metallic base contacts 
introduces challenges for charge carriers. This oxide reduces 
interface traps, which can otherwise negatively influence the 
Fermi level's pinning at the surface (Gaubert & Teramoto, 2017; 
Glatthaar et al., 2022; Poncé et al., 2020; Turkay et al., 2019). A 
promising approach to enhance the open-circuit voltage (VOC) is 
inserting an additional diffused region beneath the interfacial 
oxide layer (Glunz & Feldmann, 2018). The electrical 
performance of solar devices can vary significantly based on the 
type of SiO2 coating applied. Specifically, devices with a SiO2 
coating only on the front surface tend to exhibit superior 
electrical performance compared to those that are fully coated 
with SiO2 (Alamri et al., 2020). Moreover, at elevated 
temperatures, the diffusion process can lead to a degradation in 
VOC, maximum power output, and overall conversion efficiency 
(Savadogo et al., 2020). This degradation is attributed to the 

 
 

Fig 5 FESEM cross-section images of (A) reference (Ag-based paste), (B) 5% of Ag/P for 10s annealing, (C) 5% of Ag/P for 40s annealing, (D) 
10% of Ag/P for 10s annealing and (E) 10% of Ag/P for 40s annealing 
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reduction in silicon bulk carrier lifetime during high-
temperature processing (Sui et al., 2021). 

Based on Figure 6, the Ag-based pastes were screen-printed 
on the planar wafer, textured wafer, doped wafer fully 
passivated and one-sided with SiO2. For planar and textured 
wafers, there is no current-voltage graph due to due to the 
absence of an electric field and an emitter layer in the device 
(Dr. Alistair Proul, 2023; Eon et al., 2018; Razeghi, 2009; 
Skromme, 2003). Based on performance variation, the curves 
indicate that the passivation significantly influences the 
electrical performance of the device. The one side O2 layer 
(black curve) shows a steeper decline in current with increasing 
voltage compared to the sided O2 layer (red curve), suggesting 
differences in carrier recombination rates. The red curve 
exhibits a relatively higher current density at most voltage 
levels, implying better charge carrier collection efficiency 
(Glunz & Feldmann, 2018; Zhuang et al., 2019). This could be 
attributed to improved surface passivation, which reduces 
surface recombination losses (Y. L. Chen et al., 2016; Rahman & 
Khan, 2012).  

Figure 7 shows the electrical performance of phosphorus-
doped Ag-based (Ag-P) paste on the planar wafer, textured 
wafer and passivated wafer. The short circuit current density 
(Jsc) for planar and textured wafers with Ag-P pastes will likely 
be low due to the absence of a p-n junction of a p-n junction, 
which is essential for generating a significant photo-current. 
Without this junction, there’s no effective mechanism to 
separate electron-hole pairs, leading to minimal current 
generation. Textured wafers had intermediate performance, 
with Jsc of 3.33 mA/cm2, indicating some degree of carrier 
collection but limited by higher surface recombination 
(Chaudhary et al., 2021, 2022). The highest Jsc (10.4 mA/cm2 
was achieved on single-sided passivation wafers, likely due to 
enhanced carrier generation and collection afforded by the 
doping (Dou et al., 2021).  

The Voc depends on the recombination rates and the quality 
of the p-n junction. In passivated wafer, we expect an increase 
in Voc because passivation layers reduce recombination at the 
wafer surface, allowing for a higher buildup of carriers (Serenelli 
et al., 2023; P. Yang et al., 2013). This reduction in recombination 
directly contributes to a higher Voc. The highest Voc (0.533 V) 
was recorded for single-sided passivated wafers, suggesting that 
the combination of in-situ doping and passivation minimized 
recombination and allowed better carrier retention. Fully 

passivated wafers exhibited slightly lower Voc (0.562 V), which 
might be due to the specific annealing conditions or interaction 
with both oxide layers. Due to the lack of p-n junction, planar 
and textured wafers are likely to have negligible Voc, as they 
don’t provide the electric field needed to sustain a potential 
difference, recorded very low Voc of 0.028 V, as expected 
(Larionova et al., 2017; Mandal et al., 2020). The electron-hole 
pairs generated under illumination cannot contribute to a 
voltage build up effectively without a junction.  

Table 1 represents the key performance for silicon solar cells 
using un-doped (Ag-based) paste and phosphorus-doped silver-
based (Ag-P) paste under various wafers. For commercial 
samples, the values are robust, with a Voc of 0.609 V, a high Jsc 
of 32.56 mA/cm2, an FF of 0.656 and an efficiency of 13%. 
Comparing commercial and water-based H3PO4 as emitters on 
Si solar cells, both have different types of dopant sources and 
processes that will influence the overall performance of solar 
cells. The emitter formation based on 10% water-based H3PO4 
was diffused on a Si wafer at 875⁰C for 30 min, the same as the 
diffusion process of POCl3 inside the quartz furnace. The overall 
performance of commercial Si solar cells is higher than water-
based H3PO4. This is due to well established process of POCl3 
as an emitter as compared with the early stage of water-based 
H3PO4 as an emitter. The commercial cell outperforms the 
water-based H3PO4 cell across all parameters. It reveals that 
higher VOC and JSC for commercial silicon solar cells, indicating 
better charge carrier collection and low recombination losses. 
In addition, FF reflects lower resistive losses in commercial cells 
as compared with water-based H3PO4 cells. Thus, overall 
efficiency is higher for commercial cells suggesting that water-
based H3PO4 as an open emitter for further process optimization 
in order to overcome commercial dopant sources. 

Comparing experimental data with a commercial silicon 
solar cell provides a benchmark for performance evaluation. It 
helps identify efficiency gaps, validate new materials, and assess 
practical feasibility (Hamzavy & Bradley, 2013; Tripathi et al., 
2020). This comparison ensures scientific and industrial 
relevance, highlighting necessary optimizations while 
demonstrating progress toward achieving commercially viable 
solar cell technology. In contrast, the undoped Ag-based paste 
demonstrates lower Voc and Jsc values, especially in the one-
sided and both-sided oxide-passivated configurations. This 
reduction in performance highlights the limitations of undoped 
Ag paste in terms of charge carrier collection and surface 
passivation. 

 
Fig 6 Current density - voltage evaluation for undoped Ag-based 

paste 

 

 
Fig 7 Current density - voltage evaluation for phosphorus-doped 

Ag-based (Ag-P) paste 
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Since planar and textured wafers lack a p-n junction, they 
will not generate a substantial photocurrent (current density, Jsc) 
under illumination. The absence of a depletion region means 
that electron-hole pairs do not separate effectively, leading to 
negligible current flow (Wurfel et al., 2015). Based on Table 1, 
passivated wafers (either full or one sided SiO2) have a p-n 
junction, allowing them to generate significant photocurrent 
when exposed to light. Current density is generally higher in 
one-sided SiO2 (9.625 mA/cm2) as the passivation layer reduces 
surface recombination, preserving more carriers and enabling a 
stronger photocurrent. Both-sided SiO2 wafers may have slightly 
lower current densities (7.542 mA/cm2), which may be affected 
by the limitation of the charge carrier population available for 
conduction. 

Furthermore, the Voc of undoped Ag paste samples was 
relatively low, with single-sided and both-sided passivated 
wafers exhibiting Voc values of 0.35 V and 0.487 V, respectively. 
The both-sided passivated wafers will likely exhibit a higher Voc 
because the SiO2 layer minimizes recombination, thereby 
preserving the carrier population. This preservation of carriers 
supports a higher potential difference across the junction when 
no external load is applied. For one-sided SiO2 exhibits a lightly 
lower Voc than fully passivated wafers, as the unpassivated side 
introduces more opportunities for recombination, reducing the 
net carrier concentration and thus the potential difference. 

Fully passivated wafers will generally exhibit higher FFs 
(0.303) because reduced surface recombination leads to less 
current loss and a better preservation of charge carriers. This 
results in a more efficient power output, maximizing the 
squareness of the I-V curve. For one-sided passivated wafers, 
the FF may be slightly lower (0.289) than that of fully passivated 
wafers due to potential increases in series resistance or 
recombination on the unpassivated side. The paste’s quality and 
the nature of the contact impact the FF significantly. If the Ag 
paste is well optimized, it provides good ohmic contact, 
minimizing series resistance (Batchu et al., 2015; Unsur et al., 
2015). However, if the contact introduces high resistance or 
leads to shunt paths, the FF can decrease, as more power is lost. 

The fill factor (FF) is influenced by the contact resistance, 
recombination rates, and the quality of the Ag-P interface (Qi & 
Wang, 2013). Phosphorus doping enhances carrier 
concentration, which helps in achieving a more defined and 
higher FF by improving conductivity. In this paper, the Ag-P 
paste plays a significant role in ensuring strong ohmic contact, 
minimizing series resistance and reducing the chances of 
shunting pathways. The FF varied across wafer types, with the 
highest recorded FF on textured wafers (0.331) and lower FF 
values for both single-sided SiO2 (0.298) and fully passivated 
wafers (0.251). The increase in FF for textured wafers may be 
due to improved contact quality and the effectiveness of in-situ 
doping, though surface roughness may introduce some 
recombination. The overall FF improvement for phosphorus-

doped samples over undoped samples indicates that in-situ 
doping enhanced charge collection and reduced resistive losses. 

The Ag-P paste significantly enhanced efficiency, with 
single-sided passivated wafers achieving an efficiency of 1.65%. 
This efficiency boost can be attributed to better carrier 
generation and collection due to phosphorus doping, which 
enhances the p-n junction's effectiveness and reduces 
recombination (Nawaz et al., 2020; Xu et al., 2023). However, 
fully passivated samples showed slightly lower efficiency 
(0.15%), possibly due to increased resistance or suboptimal 
contact formation with dual oxide layers. 

Phosphorus doping significantly influences the results, as 
evident in the Ag-P paste samples. The oxide-passivated 
configuration, particularly with one-sided passivation, achieves 
a Voc of 0.533 V and Jsc of 10.4 mA/cm², resulting in a 
substantially improved efficiency of 1.65%. However, in 
configurations such as planar and textured surfaces without 
oxide passivation, the doped paste shows limited improvement 
in Voc and Jsc, particularly for the planar configuration, which is 
near-zero values, indicating ineffective current generation and 
charge collection. 

According to Table 1, the water-based H3PO4 shows the 
highest efficiency of 5.67% as compared with undoped and Ag-
P doped silicon solar cells, suggesting better emitter quality and 
charge collection. Undoped Ag-based paste silicon solar cells 
exhibit significantly lower performance. The one side O2 treated 
sample has efficiency lower than 1% due to poor charge 
transport. So, it was reflected in a very low VOC of 0.35V and JSC 
of 9.625 mA/cm2. However, the sample with both sides O2 
shows an improvement in VOC of 0.487 V but suffers from a 
much lower JSC of 7.542 mA/cm2, leading to only 1.11% of 
overall efficiency. Thus, undoped silicon solar cells with one 
side and both side O2 suggest that oxygen treatment negatively 
impacts carrier mobility and junction quality which is potentially 
introducing defects or oxidation at the metallic contact 
interfaces. 

Other than that, the performance of Ag-P dopant pastes and 
undoped Ag in Si solar cells varies significantly due to the 
differences in doping effects and electrical properties. The Ag-P 
with one side O2 exhibits a higher VOC of 0.533 V and JSC of 10.4 
mA/cm2 compared to overall undoped Ag paste. This 
improvement is due to phosphorus doping enhancing the 
emitter properties and reducing recombination losses near 
interfaces. The lowest-performing of silicon solar cells with 
below 0.5% are achieved from Ag-P on planar, textured, and 
both side O2, suggesting excessive oxygen treatment in Ag-P 
paste that will enhance resistive losses or defect formation. 

Water-based H3PO4 as an emitter outperforms both Ag-P 
doped and undoped Ag in silicon solar cells. While Ag-P paste 
improves over undoped paste, it still falls far behind H₃PO₄-
based emitters in overall performance. This highlights the 

Table 1  
Silicon solar cell parameters for undoped and phosphorus-doped Ag-based (Ag-P) paste 

Samples Voc (V) Jsc (mA/cm2) Fill factor Efficiency (%) 

Commercial 0.609 32.56 0.656 13 
Water-based H3PO4 as emitter on Si 0.489 23.44 0.4943 5.67 

Undoped (Ag-based) paste 
One side O2 0.35 9.625 0.289 0.97 
Both side O2 0.487 7.542 0.303 1.11 

Phosphorus-doped Ag-based 
(Ag-P) paste 

Planar 0.028 0.14 0 0 
Textured 0.345 3.33 0.331 0.37 

One side O2 0.533 10.4 0.298 1.65 
Both side O2 0.562 1.09 0.251 0.15 
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effectiveness of water-based phosphorus diffusion over paste-
based doping methods in achieving higher solar cell efficiency. 

Overall, the Ag-based pastes were applied through a screen-
printing process onto different wafer types: planar, textured, 
doped, fully passivated, and one-sided SiO₂ wafers. However, 
for the planar and textured wafers, no current-voltage (I-V) 
characteristics were observed because these wafers lacked a p-
n junction layer necessary for photovoltaic activity. The absence 
of a p-n junction means that there is no electric field to separate 
the photo-generated electron-hole pairs. Without this 
separation, charge carriers recombine instead of flowing as an 
electric current, preventing light energy from being converted 
into usable electrical power. Therefore, wafers without a p-n 
junction cannot generate a measurable I-V response, confirming 
the essential role of the junction in solar cell operation (Hirst, 
2012; Kitai, 2019). 

In semiconductor materials, carrier mobility indicates how 
quickly the charge carrier (electron or holes) can move through 
the material under an electric field. For wafers with Ag-based 
paste, the mobility will depend largely on surface properties 
such as roughness in textured wafers and interface 
characteristics in passivated wafers (Mori et al., 2020; Poncé et 
al., 2020). Passivation layers like SiO₂ typically enhance mobility 
by reducing surface recombination, allowing for more efficient 
movement of carriers, as they mitigate the interaction of carriers 
with defects on the wafer's surface (Bonilla et al., 2017; Muduli 
& Kale, 2023). In textured and planar wafers with Ag-P paste but 
no p-n junction, mobility may be limited, as these surfaces lack 
the built-in field that aids in charge separation and movement. 

In phosphorus-doped, passivated wafers, carrier mobility is 
expected to improve due to two factors which is phosphorus 
doping enhances the carrier density, potentially allowing more 
carriers to respond to the electric field and the passivation layer 
reduces surface defects, allowing carriers to move with less 
obstruction (Salemi et al., 2011; Xing et al., 2020). This effect is 
especially pronounced in fully passivated wafers, where the 
passivation reduces scattering sites that could hinder mobility. 

Phosphorus doping significantly increases the carrier 
concentration, as the doping process introduces additional 
carriers, specifically electrons, which enhance the conductivity 
of the wafer. High carrier concentration is beneficial because it 
increases the likelihood of charge carriers being available to 
conduct current, which is essential for efficient device operation 
(Hooten et al., 2012). For planar and textured wafers without a 
p-n junction, the carrier concentration alone does not 
significantly impact current generation, as there is no 
mechanism to efficiently separate electron-hole pairs. 

Recombination is the process where electrons and holes 
neutralize each other, releasing energy as heat. High 
recombination rates result in fewer carriers being available for 
conduction, reducing the efficiency of the wafer (Bonilla et al., 
2017; Bonilla & Wilshaw, 2014). In phosphorus-doped, 
passivated wafers, the passivation layer (often made of SiO₂) 
reduces surface recombination by mitigating the availability of 
defect states where recombination can occur. This reduction in 
recombination is significant, as it preserves a larger proportion 
of carriers, which then contributes to higher photocurrents. 
Fully passivated wafers exhibit the lowest recombination rates, 
while wafers with only one-sided passivation may experience 
more recombination at the unpassivated side, although still 
improved compared to unpassivated surfaces. 

3.3 Quantum Efficiency  

Quantum efficiency (QE) is a critical parameter in silicon 
cells as it measures the cell’s ability to convert incident photons 

into charge carriers. Specifically, external quantum efficiency 
(EQE) assesses the fraction of photons converted into electrical 
current, factoring in reflection and absorption losses, while 
internal quantum efficiency (IQE) considers only the absorbed 
photons (Kaya & Hajimirza, 2018; W. J. Yang et al., 2008). High 
QE values across a broad spectrum indicate efficient light 
absorption and minimal recombination losses, which are crucial 
for maximizing energy conversion efficiency and overall solar 
cell performance.  

The EQE curves in Figure 8 show the different solar cell 
configurations, which are Ag-based with one side and both side 
oxidation and Ag-P based with one side and both side oxidation. 
The graph shows notable variation across the spectrum. At a 
shorter wavelength (200 – 400 nm), where surface 
recombination dominates, the cell with double-sided oxygen 
passivation demonstrates higher EQE values compared to 
single-sided passivation. This is expected, as double-sided 
passivation significantly reduces surface recombination, 
allowing for a more efficient collection of charge carriers 
generated near the surface.  

In the visible range (400 – 800 nm), the EQE remains 
relatively high for all configurations, reflecting efficient 
absorption in the active layer of the silicon solar cells. However, 
the Ag-P paste cells may exhibit slightly improved performance 
compared to purely Ag-based paste cells due to the combined 
effects of improved contact conductivity and reduced surface 
recombination through phosphoric acid treatment. The EQE 
declines at a longer wavelength range (800 – 1200 nm), where 
light absorption is less efficient in silicon due to the indirect 
bandgap nature of the material. However, double-sided 
passivation still offers an advantage by minimizing 
recombination in bulk, leading to a slower drop-off in EQE 
compared to single-sided passivated cells. 

On the other hand, internal quantum efficiency (IQE) reflects 
the intrinsic efficiency of the device, excluding optical losses. As 
expected, the IQE curves in Figure 9 show are higher across the 
whole wavelength spectrum than EQE, since reflection and 
transmission losses are not considered. The IQE performance 
across different device structures reveals the impact of 
recombination mechanisms. In the short wavelength range, the 
higher IQE values for double-sided passivation demonstrate 
that surface recombination is well mitigated. The fact that IQE 
remains relatively high in the near-infrared range (above 800 
nm) suggests effective control over bulk recombination, 
possibly aided by better quality front contacts from the silver-
doped paste and passivation. 

 
Fig 8 External quantum efficiency for undoped and phosphorus-
doped Ag-based (Ag-P) paste 
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On the other hand, internal quantum efficiency (IQE) reflects 
the intrinsic efficiency of the device, excluding optical losses. As 
expected, the IQE curves in Figure 9 show are higher across the 
whole wavelength spectrum than EQE, since reflection and 
transmission losses are not considered. The IQE performance 
across different device structures reveals the impact of 
recombination mechanisms. In the short wavelength range, the 
higher IQE values for double-sided passivation demonstrate 
that surface recombination is well mitigated. The fact that IQE 
remains relatively high in the near-infrared range (above 800 
nm) suggests effective control over bulk recombination, 
possibly aided by better quality front contacts from the silver-
doped paste and passivation. 

Ag-based pastes primarily improve the front's electrical 
contact, enhancing charge collection, especially in the visible to 
near-infrared regions (400 – 1200 nm). This results in higher 
EQE values in these ranges, as fewer carriers are lost due to 
poor contact. However, the absence of phosphoric acid means 
that the paste is less effective at reducing surface recombination 
losses, particularly in the UV region (200 – 400 nm), where 
surface recombination plays a significant role. As a result, Ag-
based cells might show relatively lower EQE and IQE at shorter 
wavelengths. 

The addition of phosphoric acid in the Ag-P paste introduces 
passivation effects that help reduce both surface and contact 
recombination losses. This is especially beneficial at shorter 
wavelength, where surface recombination is dominant. As a 
result, the Ag-P based cells are expected to show higher EQE 
and IQE in the blue-light region (200 – 400 nm), as the improved 
passivation and contact quality led to more efficient collection 
of short-wavelength photons.  In the mid to long wavelength 
range (400 – 1200 nm), the Ag-P paste further contributes to 
maintaining higher efficiency by minimizing recombination 
losses throughout the device, leading to higher IQE and, 
subsequently, EQE in these ranges. 

The light-current-voltage (IV) and quantum efficiency (QE) 
graphs in this study exhibit an unsynchronized relationship, 
indicating that while improvements in current density and 
efficiency are observed, these enhancements do not translate 
uniformly across all operational parameters. This difference is 
observed when comparing the IV characteristics with the 
external and internal quantum efficiency (EQE and IQE) 
responses, particularly for phosphorus-doped Ag-based (Ag-P) 
paste samples. 

The IV graph shows an increase in Jsc and efficiency for 
certain configurations, especially with phosphorus doping on 
one-side oxide-passivated wafers. This suggests that doping 
improves the charge carrier collection by reducing surface 
recombination, which is reflected in the increased Jsc values for 
these samples. However, the QE graph, which provides insight 
into the spectral response of the solar cells, reveals 
inconsistencies. Although the QE values should theoretically 
align with the Jsc improvements observed in the IV graph, they 
show less evident gains or even declining efficiency in specific 
wavelength regions, particularly in the UV-visible spectrum. 

These inconsistencies between the IV and QE graphs may 
stem from several underlying factors. One potential factor is 
surface recombination, which can be mitigated to a certain 
extent by phosphorus doping, thus enhancing Jsc as observed in 
the IV results. However, the QE graphs indicate that surface 
recombination may still impact specific wavelength ranges, 
particularly those associated with short-wavelength light, where 
surface passivation plays a crucial role. This effect may reduce 
the overall QE response, leading to an incomplete translation of 

the Jsc improvements from IV measurements to enhanced 
spectral response in QE. 

Furthermore, the lack of synchronization could also be 
attributed to the limited depth of phosphorus diffusion achieved 
with the Ag-P paste. While the IV graph reflects general 
improvements in the current generation due to the doped 
contacts, the QE response might be hindered by suboptimal 
doping profiles, which could restrict charge carrier collection 
efficiency across the entire light spectrum. This suggests that 
while phosphorus doping in the Ag-P paste enhances general 
electrical characteristics, further optimization in doping depth 
and surface passivation may be required to achieve consistent 
performance gains across both IV and QE measurements. 

Other than that, the IQE and EQE measurements were taken 
for Ag-P screen-printed on Si wafers across different 
wavelengths. The results showed that this sample achieved 
higher IQE (80-83%) and EQE (63-73%) in the 650-900 nm 
wavelength range compared to the other samples. The superior 
performance of Ag-P on Si wafers is likely due to better carrier 
collection and reduced recombination losses. The phosphorus 
doping improves conductivity and enhances the passivation 
effect, minimizing surface defects. Additionally, this wavelength 
range corresponds to strong absorption in silicon, ensuring 
efficient photon-to-electron conversion. 

Overall, the findings show that phosphorus-doped Ag-based 
(Ag-P) paste performs differently depending on how the surface 
is treated. The planar sample had the worst performance, 
meaning it did not conduct electricity well. Texturing helped 
slightly by improving light absorption. One-side oxygen (O₂) 
treatment gave the best results, increasing voltage and current 
flow, leading to better efficiency. However, both-side O₂ 
treatment caused too much oxidation, which reduced current 
flow and overall efficiency. This suggests that controlled oxygen 
treatment improves performance, but too much oxidation can 
block the movement of electrical charges, reducing the 
effectiveness of the solar cell.  

Other than that, the Ag-P paste enables an in-situ process for 
simultaneous metal contact formation and emitter junction 
doping under contacts in silicon solar cells. This process 
involves phosphorous diffuses from the paste at high 
temperature into Si, forming an n+ emitter layer while Ag 
establishes low-resistance ohmic contacts. Thus, this in-situ 
approach eliminates separate doping and metallization steps, 
simplifying fabrication process. Such that, it is suitable to be 
implemented into fabrication process of latest silicon solar cells 
technology like tunnel oxide passivated contact (TOPCon). 

 
Fig 9 Internal quantum efficiency for undoped and phosphorus-
doped Ag-based (Ag-P) paste 

 



N. A. M. Sinin et al  Int. J. Renew. Energy Dev 2025, 14(4), 802-812 

| 810 

 

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE 

Furthermore, this process can be one of the solutions in 
eliminating alignment process and photolithography process in 
fabricating back contact silicon solar cells by using traditional 
screen-printing process for metallization and emitter formation. 

3.4 Limitations and future recommendations  

This study has several limitations. Firstly, some samples, such 
as planar and textured wafers, did not have a p-n junction, which 
is essential for charge separation and current generation. 
Additionally, the research only examined two Ag-P 
concentrations (5% and 10%) and two annealing times (10s and 
40s), which may not be enough to determine the best processing 
conditions. The study also focused only on one-sided SiO₂ 
passivation, while other passivation techniques might offer 
better performance. Moreover, contact resistance and paste 
uniformity could have affected measurement accuracy. To 
improve this research, future studies should test a wider range 
of Ag-P concentrations and annealing conditions. Long-term 
stability tests should be conducted under real-world conditions. 
Advanced characterization methods, such as TEM and XPS, can 
provide a better understanding of material behavior. Finally, 
applying Ag-P to fully fabricated solar cells will help evaluate its 
commercial viability. 

4.   Conclusion 

In conclusion, this study demonstrates the potential of 
phosphorus-doped silver (Ag-P) paste as an effective alternative 
for enhancing the electrical performance of p-type silicon solar 
cells through in-situ doping and contact formation. By 
integrating phosphorus doping into the silver paste, the Ag-P 
paste addresses critical limitations in traditional screen-printing 
methods by simultaneously forming the emitter region and the 
metallic contacts, simplifying the fabrication process and 
reducing production costs. This study found that 10% Ag-P 
paste with 40s annealing improved contact formation and 
efficiency. One-sided SiO₂ passivation reduced recombination, 
enhancing performance. Future research should explore 
alternative passivation, Ag-P concentrations, and long-term 
stability. The experimental results indicate that the Ag-P paste 
significantly improves Jsc, quantum efficiency, and overall 
conversion efficiency, particularly in configurations with single-
sided silicon dioxide passivation. Enhanced quantum efficiency, 
especially in the UV-visible range, was achieved by effectively 
mitigating surface recombination losses, leading to improved 
charge carrier collection. These findings could help develop 
more efficient, cost-effective solar cells for sustainable energy 
applications. Future research could explore alternative dopant 
formulations, optimized firing profiles, and compatibility with 
next-generation silicon architectures to further enhance 
efficiency and long-term stability. 
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