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The results showed that aluminium is not suitable for the formation of the p+ emitter due to
its low solid solubility in silicon and its high segregation towards silicon oxide. Gallium required
high diffusion temperatures and suffered from a degradation of the concentration profile in later
stages of the manufacturing process, leading to poor performing solar cells. Gallium/boron co-
doping has proved to be a promising alternative to boron. Thin n+np+ solar cells doped with GaB
achieved a maximum conversion efficiency of 13.7%, slightly lower than that of boron-doped cells
(14.9%). Optimisation of the GaB diffusion process and surface passivation could further improve
the performance of these cells. This study demonstrates the potential of gallium/boron co-doping
for the manufacture of new-generation thin n+np+ solar cells. Further research is needed to fully
exploit the advantages of this technology and contribute to improving the efficiency and cost of

silicon solar cells.
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1. INTRODUCTION

The photovoltaic sector is experiencing unprecedented growth, driven by the need to combat
climate change and ensure a sustainable energy future. By 2023, global installed solar PV capacity
is expected to reach 1,177 GW, reflecting a global transition to renewable and sustainable energy
technologies [1]. This trend is also reflected in Libya, where the aim is to increase the share of
renewable energy to 25% by 2025 and to more than 50% by 2050, focusing mainly on solar energy
(mainly photovoltaic and thermal) and wind power [2]. In this context, crystalline silicon solar
cells largely dominate the photovoltaic market [3, 4]. The majority of them are manufactured
on boron-doped p-type substrates with a conventional n+pp+ structure [5]. However, there
is growing interest in the use of phosphorus-doped n-type substrates due to their intrinsic
advantages, including longer minority carrier lifetimes and reduced sensitivity to transition metal
contamination [6]. These characteristics give n+np+ cells a higher efficiency potential, justifying
current research efforts aimed at optimising p+ doping techniques [7].

The formation of an efficient p+ emitter in n+np+ cells presents specific challenges. Boron
diffusion, although established for n+pp+ cells, requires high temperatures that can damage thin
substrates and generate a boron-rich layer (BRL) that is detrimental to performance [8], [9].
Aluminium, a common p+ dopant in the semiconductor industry, is limited in photovoltaics
due to its low solubility in silicon and high segregation to silicon oxide, making it difficult to
form high-quality p+ emitters [10]. In addition, n+np+ cells offer increased resistance to light-
induced degradation (LID) associated with boron-oxygen interaction, a phenomenon affecting
p-type cells that can lead to a decrease in open-circuit voltage (Voc) [11], [12].To overcome
these limitations, the exploration of alternative dopants, such as gallium and gallium/boron
co-doping, is proving promising. Gallium has a higher diffusion coeflicient than boron, which
reduces diffusion temperatures and thermal damage [13], a particularly important aspect for thin
solar cells sensitive to degradation induced by high-temperature treatments [14]. Gallium/boron
co-doping combines the advantages of each element, improving the quality of the p+ emitter
[15]. Recent studies have demonstrated the potential of this approach for the fabrication of high-
efficiency n+np+ solar cells [16].
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In this study, we evaluate aluminium, gallium and gallium/boron co-doping as p-type dopants for
the fabrication of new generation n+np+ solar cells on 140 pm thick n-type silicon substrates. We
investigated the influence of diffusion parameters (temperature, time, gas) on the resistance per
square (RO) and the impurity concentration profile in the p+ region. Solar cells were fabricated
and characterised in order to compare their electrical and optical performance. These analyses
will make it possible to identify the most appropriate p+ dopant for the creation of low-cost,
highly efficient n+np+ cells, while taking into account the limitations associated with the use of
thin substrates, and will thus contribute to the advancement of photovoltaic technologies, in line
with current research efforts in the field [17].

2. Materials And Methods

2.1. Substrates and Sample Preparation

Solar-grade, phosphorus-doped, n-type single-crystal silicon substrates with {100} orientation
were used in this study. The substrates were initially 240 pm thick and 100 mm in diameter. A
thinning process using a KOH solution was carried out to obtain substrates with a final thickness
of 140 um * 10 um, following the methodology described by Prem Pa et al.

The surface of the substrates was textured using an anisotropic etching process based on KOH,
isopropyl alcohol and deionised water. This step creates micro-pyramids on the silicon surface,
reducing the reflection of incident light and improving light absorption in the solar cell [18].
Diftusion of p+ dopants

Various p+ dopants were studied for the formation of the emitter: boron (PBF20), aluminium
(Al110), gallium (Ga252), gallium/boron (GaB260) and aluminium/gallium (AlGal30), all
supplied by Filmtronics. The dopants were deposited by spin-coating using a spinner The spin-
coating parameters were adjusted for each dopant to obtain a homogeneous film thickness.
The doped substrates were then subjected to diffusion heat treatment in a quartz tube furnace.
The diftfusion temperature and duration were varied for each dopant in order to optimise the
sheet resistance of the p+ region and obtain values between 40 and 60 Q/o. Different diffusion
atmospheres were also tested, including nitrogen (N2), oxygen (O2) and argon (Ar). Recent
studies have explored the impact of the scattering atmosphere on the properties of gallium-doped
p+ emitters, showing the importance of optimising this parameter [19].

2.2. Characterisation of P+ Regions

The Sheet Resistance (Ro) Of The p+ regions were measured using the four-tip technique.
This technique allows the resistivity of the doped layer to be determined and the uniformity of
diffusion over the substrate surface to be assessed.

A CVP21 profiler was used to use the electrochemical capacitance-voltage (ECV) approach
to determine the impurity percentage profile as a function of depth. This technique allows the
dopant concentration to be measured at different depths in the substrate and the depth of the p-n
junction to be determined. ECV analysis is widely used to characterise p+ emitters in solar cells
and provides valuable information on dopant distribution and junction formation.

2.3. Manufacturing Solar Cells

The n+np+ solar cells were fabricated using a standard process consisting of the following
steps:

Diffusion of the n+ (phosphorus) dopant: After formation of the p+ emitter, the opposite side
of the substrate was doped with phosphorus using POCI3 as the dopant source and a diffusion
process at 845°C [20].
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Surface passivation: A SiO2 film was deposited on both sides of the cell by thermal growth at
800°C To minimize the surface recombination of charge carriers . Surface passivation is essential
to improve solar cell performance, particularly for thin cells where surface recombination can be
significant [21].

Deposition of the anti-reflection film: A 25 nm TiO2 film was deposited by vacuum evaporation
on the front face of the cell to minimise reflection of incident light [9]. The choice of material and
thickness of the anti-reflection film is crucial to optimise light absorption in the solar cell [22].
Metallization: Electrical contacts were screen-printed using silver (Ag) pastes on the front and
aluminium/silver (Al/Ag) pastes on the back. The firing temperature of the pastes was optimised
for each type of cell. Screen printing metallisation is a common technique for large-scale solar
cell production, but requires careful optimisation to minimise resistive losses and recombination
at contacts [23].

Edge insulation: The edges of the cells were laser-cut to avoid short circuits.

2.4. Characterisation of the Solar Cells

The solar cells were characterised by measuring their electrical parameters (short-circuit current
(Jsc), open-circuit voltage (Voc), Fill Factor (FF) and conversion efficiency (n)) under standard
illumination (AM1.5G, 1000 W/m?), using a Newport Oriel Sol3A Class AAA solar simulator. The
cell temperature was maintained at 25°C during the measurements using a temperature control
system integrated into the simulator. The spectral response and internal quantum efficiency
were also measured to analyse the optical performance of the cells. The characterisation of solar
cells makes it possible to assess their conversion efficiency and identify the factors limiting their
performance.

3. Results And Discussion

3.1. Influence of Diffusion Parameters On P+ Regions

The diftfusion results for the different p+ dopants are summarised in (Table 1) The objective was
to obtain p+ regions with a sheet resistance (RO) between 35 and 60 /0, an ideal value for the
formation of screen-printed metallized n+np+ solar cells.

Table 1. Diffusion processes for the B, Ga, GaB, Al and AlGa dopants and the resistance per square of the p+
regions were carried out at different temperatures, times and gases.

Post-diffusion post- Sheet
Proc. Elem. Gases oxidation diffusi(.)nTime T (°C) resistance
(min.) (Q/o)
10 B N2/02 Yes 20 970 53,0+ 1,9
17 Ar/ 02 Yes 20 970 55+3
12 N2 Yes 20 1050 470 £ 30
14 N2 NO 60 1050 296 + 111
18 Ar Yes 60 1100 171+9
20 N2 Yes 120 1100 1870 + 31
11 N2 Yes 20 1020 37,2+£2,8
12 N2 YES 20 970 90=+7
17 GaB Ar/ 02 Yes 20 970 82+8
26 N2/02 Yes 20 970 529+1,0
26 N2/02 Yes 20 1020 363
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10 N2 Yes 20 970 55+5

14 Al N2 NO 60 1050 660 + 20
18 Ar Yes 60 1100 520 £ 190
12 N2 Yes 30 1050 200 £ 50
13 N2 Yes 60 1050 560 + 30
14 AlGa N2 NO 60 1050 660 + 20
18 Ar Yes 60 1100 255+ 26
20 N2 Yes 120 1100 255 +28

Boro (B): Boro, the reference dopant, was able to obtain p+ regions with an Ro of 53-55 Q)/o for
diffusion at 970 °C for 20 min, confirming the results obtained in previous studies.

Gallium (Ga): Gallium required higher diffusion temperatures and longer times than boron
to obtain compatible Ro values. An Ro of 171 Q)/0 was achieved for diffusion at 1100 °C for 60
minutes. Gallium concentration profiles (Figure 4.1) show greater junction depths than boron,
which may be advantageous for some applications.

Aluminium (Al): Aluminium did not yield p+ regions with sufficiently low Ro, even for
scatterings at 1100 °C for 120 min. The low solid solubility of aluminium in silicon and its strong
segregation towards silicon oxide explain these results.

Gallium/boron (GaB): GaB co-doping has proved to be a promising alternative to boron. P+
regions with an Ro of 37 ()/o were obtained for diffusion at 1020 °C for 20 min. The concentration
profiles of GaB (Figure 1) show similar characteristics to boron, with a slightly higher surface
concentration.

Aluminium/gallium (AlGa): AlGa required high diffusion temperatures (1100°C) to achieve
an acceptable Ro (255 ()/0). The complexity of the process and the high cost of AlGa limit its
interest for solar cell production.
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o Ga 1100 °C; 60 min
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Figure 1. Impurity concentration profiles as a function of depth with Ga, GaB, AlGa and B dopants for different

diffusion times and temperatures.

3.2. Influence of paste firing temperature

The firing temperature of the metallisation pastes was optimised for boron-doped n+np+ solar
cells. The results are presented in (Tables 2 and 3) the best conversion efficiency (14.9%) was
obtained for a firing temperature of 840°C and 850°C. Above 860°C, Cell performance begins to
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decline due to degradation of the p-n junction and increased contact resistance.
Table 2. Average electrical characteristics of 120 um thick solar cells as a function of paste firing
temperature.

Table 2. Average electrical characteristics of 120 um thick solar cells as a function of paste firing temperature.

Dopant p+ T firing cells Voc Jsc FF n

(°C) N° (mV) (mA/cm?) (%)
840 02 589,9+1,2 33,5+0,8 0,740+0,001 14,8+0,4
850 04 588,6 + 2,2 33,6+04 0,739+0,011 14,7%0,3

Boron 860 10 586,5 + 2,0 33,7+0,3 0,738+£0,009 14,7+0,4
870 05 583,2+2,2 342+0,3 0,719+0,007 14,4+0,4
880 05 578,0 + 3,7 34,1+0,1 0,695+0,015 13,8+0,4
890 05 574,8 £ 5,9 33,8+0,9 0,697+£0,009 13,6+0,6

Table 3. Electrical characteristics of the best-performing solar cells as a function of paste baking temperature.

Dopant p+ T firing Voc Jsc FF n
(°C) (mV) (mA/cm?) (%)
840 588,0 33,9 0,738 14,9
850 590,9 33,2 0,751 14,9
860 589,8 33,9 0,739 14,8
Boron
870 586,1 34,4 0,724 14,6
880 582,5 34,1 0.711 14.1
890 581,6 34,5 0,707 14.2

3.3. Comparison of solar cell performance

The performance of n+np+ solar cells fabricated with different p+ dopants is compared in (Tables
4,5 and 6) Boro (B): Boron-doped cells achieved a maximum efficiency of 14.9%, confirming the
excellent performance of use this dopant to create thin n+np+ solar cells.

Table 4. Average electrical characteristics of n+np+ solar cells doped with aluminium or boron.

Dopantp+ T firing TD cells Voc Jsc FF n
(°C) (min) N° (mV) (mA/cm?) (%)
Boron 970 20 06 584,4+14 33,6+0.3 0.739£0.007 14.6+0.2
AL 970 20 06 58 £ 31 2,9+0.5 0.2450.005  0.04+0.03

Table 4 highlights the significant difference in performance between boron-doped and
aluminium-doped cells. Boron-doped cells show electrical characteristics typical of functional
solar cells, while aluminium-doped cells show signs of short-circuiting, indicating the inefficiency
of aluminium as a p+ dopant in this case.

Table 5. Average electrical parameters of n+np+ solar cells fabricated with GaB and B. The diffusion time was
maintained at 20 minutes for all processes.

Dopantp+ T firing T diffusion cells Voc Jsc FF n
(°C) (min) N° (mV) (mA/cm?) (%)
1050 30 03 106 + 57 2,2+04 0.253+0.008 0,06 + 0,05
1050 60 01 44 2.1 0.25 0.02
Ga 1100 60 04 287+1.5 2,2+0.1 0.246+ 0.002  0.015+0.001
1020 20 04 224 + 61 2,5+1.1 0.31+0.06 0.15+0.04
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Table 5 shows that gallium, despite increasing temperature and diffusion time, failed to produce
very efficient solar cells. The low values of Voc, Jsc, FF and 1 indicate an ineflicient p-n junction.

Table 6. Comparison of optimal electrical parameters of n+np+ solar cells doped with Boron and GaB.

Parameter Bore GaB
Voc (mV) 590.9 588.8
Jsc (mA/cm?) 33.2 33.5
FF 0.751 0.739
n (%) 14.9 13.7

» Boron (B): Boron-doped cells achieved a maximum efficiency of 14.9%, confirming the
excellent performance of this dopant for the creation of thin n+np+ solar cells.

o Gallium (Ga): Gallium-doped cells showed very poor electrical performance, with a peak
efficiency of just 0.2%. The degradation of the gallium concentration profile during the phosphorus
diffusion and oxidation stages could explain these results.

«Gallium/boron (GaB): GaB enabled solar cells to be obtained with a maximum efficiency of
13.7%, a value slightly lower than that of boron-doped cells. The presence of a parallel resistor,
observed on the J-V curves (Figure 2), contributed to the reduction in Fill Factor and efficiency.
Analysis of the J-V curves for GaB-doped cells revealed the presence of a parallel resistance of
approximately 150 O-cm®. This additional resistance contributes to a decrease in the Fill Factor
and partly explains the slightly lower efficiency (13.7%) compared with Boron-doped cells.

e Aluminium (Al): Aluminium failed to produce functional solar cells, confirming its unsuitability
for the formation of the p+ emitter.
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Figure 2. J-V curves for the most efficient gallium-boron doped solar cells. Diffusion lasted 20 minutes.

3.4. Analysis of Spectral Response and Internal Quantum Efficiency

The spectral response and internal quantum efficiency (IQE) of boron-doped and GaB-doped
solar cells were measured and compared (Figures 3, 4 and 5). The results show a better collection
of charge carriers for the boron-doped cells, which explains their higher efficiency.
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Figure 3. Spectral reflectance of the best-performing solar cells treated with B and GaB. The surface of the devices
was coated with thermally deposited SiO2 and TiO2 (25 nm).
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Figure 4. Spectral response of the best performing solar cells treated with B and GaB.
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Figure 5. Internal quantum efficiency (%) (IQE) of the best performing solar cells treated with B and GaB.
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4. CONCLUSIONS

This study evaluated the potential of aluminium, gallium and gallium/boron co-doping as p-type
dopants in the production of thin n+np+ solar cells. The results clearly showed that aluminium is
not suitable for the formation of the p+ emitter due to its low solubility and high segregation in
silicon oxide. Gallium, on the other hand, required high diffusion temperatures and suffered from
a degradation of the concentration profile in the later stages of the manufacturing process, leading
to poor performing solar cells. Gallium/boron co-doping proved to be a promising alternative
to boron, enabling thin n+np+ solar cells with a conversion efficiency of 13.7%. Although this
performance is slightly lower than that of boron-doped cells (14.9%), it is encouraging and opens
up interesting prospects for improving n+np+ cells. Optimisation of the GaB diffusion parameters,
in particular temperature, time and atmosphere, as well as improved surface passivation, could
reduce the parallel resistance observed in the cells and increase their efficiency.

The use of boron-gallium has several potential advantages over boron. The ability to diffuse
GaB at lower temperatures could minimise thermal damage to thin substrates and improve the
lifetime of charge carriers. In addition, the presence of gallium in the emitter could help to reduce
the sensitivity of the cells to transition metals.

This study has highlighted the potential of gallium/boron co-doping for the manufacture of next-
generation thin n+np+ solar cells. Further research is needed to optimise the manufacturing
processes and fully exploit the benefits of this promising technology.
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NOMENCLATURE

The symbols and abbreviations used in this manuscript:

Symbol Definition Unit
Ro Sheet resistance Q/o
Voc Open-circuit voltage mV
Jsc Short-circuit current density mA/cm?
FF Fill factor -

H Conversion efficiency %
B Boron -
Ga Gallium -
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Al Aluminum -
GaB Gallium-Boron (co-doped) -
AlGa Q(I)l:or;ijn)um-Gallium (co- -
T® Temperature °C
TD Diffusion time min
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