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ABSTRACT: This research investigates the impact of screen printing silver (Ag) with
phosphoric acid (H;PO,) as a metallic dopant paste on etched versus non-etched thermally
grown silicon dioxide (SiO:) layers used as passivating contacts in silicon solar cells.
The combination of Ag and phosphorous (P) from H;PO, is denoted as Ag/P metallic
dopant paste. Passivating contacts are crucial for reducing recombination losses and
improving solar cell efficiency. Thermally grown SiO, layers are commonly used due to
their excellent passivation properties and compatibility with silicon substrates. The study
involves a comprehensive comparison of the performance of etched and non-etched SiO,
layers, including the activation of P from H;PO, and series resistance. The methodology
involves the thermal growth of SiO, layers on silicon wafers, followed by selective etching
on a subset of the samples. Subsequently, Ag/P is deposited on both etched and non-
etched SiO, layers using the screen printing technique. The samples undergo annealing
using a round quartz furnace to form the passivating contacts. The dark current-voltage
measurements are employed to evaluate the activation of P, series resistance and the
behaviour of the screen-printed n-type silicon (n-Si). The results reveal the activation
of P from Ag/P when adding more H;PO, with Ag paste. The etched SiO, layers also
exhibited lower total current and an onset between semi-ohmic and ohmic behaviour.
Meanwhile, the Ag and Ag/P screen-printed on SiO, layers revealed higher total current
but exhibited an onset between leaky-diode and ohmic behaviour. Specifically, the etched
SiO, layers demonstrated improved surface passivation quality, evidenced by lower surface
recombination velocities.
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1. INTRODUCTION

Solar cell technology has witnessed significant progress in the past few decades,
driven by the global demand for sustainable energy solutions. Passivating contacts
hold a crucial position among the key components that shape the performance and
efficiency of solar cells. These contacts play a vital role in reducing recombination
losses by effectively passivating the surface states that can trap charge carriers,
thereby boosting the solar cell’s overall efficiency. Among various materials,
silver (Ag), polysilicon (poly-Si), phosphorus oxychloride (POCIs) and boron
tribromide (BBr3) as dopant sources on thermally grown silicon dioxide (SiOz)
layers have emerged as a promising approach for forming efficient passivating
contacts.

SiO, has emerged as adequate passivating layers due to their ability to form
high-quality interfaces with Si substrates. SiO, layers, typically formed through
controlled oxidation processes, provide excellent surface passivation by reducing
interface defect states and minimising carrier recombination. These properties
enhance Si solar cells’ practical carrier lifetime and open-circuit voltage (Vo).
Besides that, SiO: is one of the important components in passivating contact.
These layers are essential for reducing charge carrier recombination at the Si
surface, thereby enhancing the efficiency of solar cells. In addition, SiO: layers
significantly reduce charge carrier recombination at the Si surface, which is
vital for high-efficiency Si solar cells.'” Ultra-thin SiO: layers can be deposited
under high temperature and low-pressure conditions, maintaining their electronic
properties up to 900°C, making them compatible with existing industrial
processes.? Furthermore, strong impurity gettering is one of the major effects of
doped poly-Si passivating contacts with SiO, layers, which will help redistribute
impurities away from the Si wafer bulk.* These layers have been fundamental in
both historical and modern advancements in photovoltaic technology, contributing
to the development of high-efficiency solar cells.

The usage of POCl: and BBr3 as dopant sources has shown considerable promise
in creating passivating contacts on Si-based solar cells. Doping is a critical
process in fabricating Si-based solar cells, as it introduces impurities into the Si
to modify its electrical properties, creating regions of n-type or p-type material.
These dopant sources are commonly used on the poly-Si layer to create n*-poly-Si
and p*-poly-Si layers, respectively. Both processes yield high uniformity, which
is crucial for high-efficiency Si-based solar cells.”” However, both processes
have drawbacks, such as high thermal budgets and environmental concerns. Both
POCI; and BBr; diffusion require high temperatures, which can increase energy
consumption and potential thermal degradation of the Si wafers. The formation
of a boron layer requires a higher temperature process than the phosphorous (P)
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dopant process, which will degrade the carrier lifetime in the bulk of Si wafer.'®!!
Thus, this necessitates careful thermal management to prevent damage and
maintain wafer integrity. POCIl; and BBrs are highly corrosive and toxic, posing
safety and environmental challenges during handling and processing. This is due
to gaseous phosphorus pentoxide (P,0,) and chlorine (Cl,), which are produced
from the POCI; diffusion process and are harmful to human health and the
environment.'>!* In addition, the boron-rich layer (BRL) is a toxic and harmful
chemical that affects the low yield in mass production due to its side effects
on humans and the environment.'* Therefore, phosphoric acid (H;PO,) will be
an alternative approach for conventional dopant sources formation on Si wafers
that will be less toxic and harmful to humans. The application of H;PO, as an n*
dopant source on n-Si wafers has been studied by experiment and simulation in
previous studies that show a promising results.!>!¢

This paper focuses on combining screen-printing dopants with metallic paste,
which was created by mixing Ag and H;PO, solution, known as silver phosphorous
(Ag/P) metallic dopant paste. This paste will undergo a single screen-printing
process and an in-situ annealing process. The Ag/P serves two purposes: to
create emitters and metallic contacts on the Si solar cell in one process. This idea
was created based on current approaches of screen printing dopants for uniform
diffusion of dopants on Si wafers. The idea of Ag/P metallic dopant paste comes
from the selective emitter (SE) process. In conjunction, the homogenous sheet
resistance across the Si wafer will be achieved using the screen-printing dopant
method."” In summary, the optimisation of passivating contacts on n-Si wafers
involves a careful balance of surface treatments, doping methods and passivating
layers. The integration of SiO, with metallic dopant paste of Ag and H;PO,
contacts offers a multifaceted approach to achieving high-efficiency solar cells.

2. EXPERIMENTAL

The starting wafer used for fabrication is a polished n-type mono-crystalline wafer
with a thickness of 200 um. The polished n-Si wafers were cleaned by immersing
them in heated acetone, steeping them in methanol and then rinsed with deionised
(DI) water. The additional steps of cleaning process using the mixture of DI water
(H,0): ammonium hydroxide (NH,OH): hydrogen peroxide (H,O,) with a ratio
of 5:1:1 DI water and NH,OH have been conducted and rinsed with DI water
along with drying process by suing nitrogen gas (N,). Then, all samples will
be oxidised inside a round quartz furnace for a wet thermal oxidation process.
After the oxidation process, a one-sided oxidation layer on the n-Si wafers was
removed using hydrofluoric acid (HF) vapour. The entire samples with etched
and non-etched SiO, layers on the rear have been categorised in Table 1 and
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Figure 1. The oxidation process inside a round quartz furnace for wet thermal
oxidation was conducted in Solar Energy Research Institute (SERI), Universiti
Kebangsaan Malaysia (UKM).

Table 1: Description of the devices with etched and no-etched SiO, layers on the rear

Description of the devices

Wafer SiO, layer on the  SiO, layer onthe = Metallic paste used =~ Metallic paste used

front surface rear surface on the front surface on the rear surface
Non-etched Ag Ag
Etched Ag Al
Non-etched 5% Ag/P 5% Ag/P
. Etched 5% Ag/P Al
n-Si Non-etched
Non-etched 7.5% Ag/P 7.5% Ag/P
Etched 7.5% Ag/P Al
Non-etched 10% Ag/P 10% Ag/P
Etched 10% Ag/P Al

-1

Si0, layer no-etching on rear

SiO, layer etching on rear

Figure 1: Structure of n-Si screen-printed with Ag and Ag/P on etched
or non-etched SiO, layer on the rear.

This work has prepared the combination of Ag paste and H;PO, as an Ag/P
metallic dopant paste. This process was prepared by mixing fixed 10 g of Ag
paste with a variation amount of pure H;PO, solution. Table 2 presents the ratio of
Ag and H;PO, used for the variation Ag/P concentration. The annealing process
took place inside the 4-inch round quartz furnace provided by SERI, UKM.
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Table 2: The preparation of Ag/P

Silver paste, Ag (grams) Phosphoric acid, H;PO, (grams) Ag/P (%)
10 0.5 5
10 0.75 7.5
10 1 10

The application of a new metallic dopant paste of Ag/P dopant paste is being
conducted on n-Si wafers with an in-situ process of SiO, and excess POClI;
inside the round quartz furnace. This is due to a study of the effectiveness of
P doping with Ag paste on the Si substrate via contact resistance inferred from
diode current-voltage (I-V). The n-Si wafers with both surfaces coated with SiO,
are screen-printed with Ag/P paste for both surfaces. Meanwhile, n-Si with SiO,
etched at the rear side is screen-printed with Al at the rear surface and Ag/P at the
front. The process took place using a 4-inch quartz furnace with 45 s in, variable
holding time (30's, 505, 70's,90s, 110 s) and 45 s out at 900°C. Table 1 explains
the details of the devices used in this paper.

The dark current-voltage (DI-V) curve of a semiconductor device shows the
current through the device as a function of the applied voltage when there is no
illumination (dark conditions). This characterisation method provides information
such as series resistance to assess junction, grid and contact resistance. The
exponential graph in the form of a diode is plotted by the DI-V, which provides the
current and voltage in dark conditions. According to the plotted graph, the series
resistance can be estimated, and the behaviour of the devices can be classified.
The equipment and methods used to determine series resistance from dark I-V
measurements are the same as the procedure discussed in the chapter “Dark
Current-Voltage Characterisation” published in Crystalline Silicon Solar Cells
and previous research on concentration factor on the mixture of Ag paste and
H;PO, solution as a dopant paste for contact formation in silicon solar cells.'®!®
Most of the characterisation processes were conducted in SERI, UKM.

3. RESULTS AND DISCUSSION

Based on all data presented and discussed in this section, a metallic paste combined
with water-based H;PO, was demonstrated. This section focuses on the Ag/P
dopant paste as an alternative to a single metallic-dopant paste and passivating
contact for Si solar cells, respectively. The proposed method is particularly
relevant as it allows for the simultaneous creation of metallic contact and emitter
region on the Si wafer, a crucial step in solar cell manufacturing.
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The formation of screen-printed Ag, 5% Ag/P (Ag/P5) and 10% Ag/P (Ag/P10)
on n-Si wafers has been analysed using a field emission scanning electron
microscope (FESEM) for front view evaluation. Figure 2 illustrates the top view
from a FESEM on Ag screen-printed Ag/P5 and Ag/P10 after annealing at 900°C
for 40 s holding time inside a round quartz furnace. As shown in Figure 2(a),
the baseline Ag screen-printed on n-Si formed an almost smooth screen-printed
metallic paste compared with Ag/P5 and Ag/P10. The addition of P from H;PO,
introduced some additional structures or roughness from P particles, significantly
altering the smoothness of the screen-printed metallic dopant paste. The different
hollow gaps between Ag/P10 with baseline Ag and Ag/P5 are significant when
increasing P on Ag/P dopant paste as the quantity of H;PO, is increased when
mixed with pure Ag metallic paste. In conjunction, at the right amount of Ag
paste and H;PO,, the P particles will be well mixed with Ag paste. Hence,
P particles are activated and reacted with Ag paste and n-Si as emitters and
metallic contacts, which increase the conductivity of the Ag paste and form an
n+ emitter junction along with the metallic finger contacts. These findings have
significant implications for the conductivity and junction formation in the Ag
paste, providing a deeper understanding of the role of P addition in the properties
of the screen-printed metallic dopant paste.

Figure 2: FESEM images of top view on screen printed (a) Ag as the baseline, (b) Ag/P5
and (c) Ag/P10.
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The electrical properties of screen-printed Ag, Ag/P5, 7.5% Ag/P (Ag/P7.5) and
Ag/P10 on n-Si wafers have been investigated under no illumination by dark
I-V evaluation measurement. Figure 3 indicates the dark I-V evaluation on
the n-Si wafer with an oxide layer on both the front and rear surface screen-
printed with Ag, Ag/P5, Ag/P7.5 and Ag/P10 on the rear with different annealing
holding times at the same temperature. Annealing of Ag/P10 paste at a holding
time of 30 s resulted from low R, and more ohmic behaviour than Ag/P7.5.
At the same time, Ag/P5 and Ag baseline are leaky diodes that do not show any
resistance between metallic contacts and Si. Furthermore, increasing the holding
time to 50 s, 70 s and 110 s shows the dominance of Ag/P7.5 metallic dopant
paste over Ag/P10 in R, and ohmic behaviour. In contrast, Ag/P5 dopant paste
exhibits higher R,and behaves almost like a leaky diode throughout the annealing
process’s 30 s—110 s holding time. However, at 90 s holding time, the Ag baseline
has the lowest R, than Ag/P5, Ag/P7.5 and Ag/P10. Metallic dopant pastes of
Ag/P7.5 and Ag/P10 still have low R, for 90 s compared to Ag/P5. Other than that,
the mixture of Ag/P5 is not easily screen-printed on n-Si as the paste becomes
hardened. Concentration lightly under the rear metal shows some recombination
velocity due to increasing contact resistance and leakage current.

The combination of intermediate SiO, under a thin coating of highly doped Si
makes the electrical current flow out of the cell with almost zero losses.!” As
discussed, the in-situ process of thermally grown SiO, with excess POCI; inside a
quartz furnace is annealed on the n-Si for evaluation in this section. The mechanism
of the passivated emitter and rear cell (PERC) with passivated oxide SiO, layer
at the rear explained an improvement of the short circuit current density (Js) and
Voc due to a reduction in surface recombination at the rear surface. Other than
that, the Si-SiO, interface features low-interface state density (D;) and captures
cross-sections, which are highly asymmetric and have low-positive fixed charge
density (Q,) are major for the electrical properties characterisation of dielectric
passivation layers by SiO,.'
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Figure 3: Dark I-V evaluation of no-etched oxide layer (SiO,) on the rear screen printed
with Ag, Ag/P5, Ag/P7.5 and Ag/P10 on both surfaces of n-Si with the variation
of annealing time in s (continued on next page).
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Figure 3: (Continued).

Figure 4 illustrates the dark [-V evaluation on the n-Si wafer with an oxide layer
etched on the rear screen-printed with only aluminum (Al) paste, and the front
surface is screen-printed with Ag, Ag/P5, Ag/P7.5 and Ag/P10 with different
annealing holding time at the same temperature. Note that all n-Si screen-printed
with Ag/P7.5 on the front surface and Al on the rear indicates the lowest R, than
other metallic pastes for all variations of annealing holding time, followed by
Ag/P10 for all annealing holding times except for 70 s. At 70 s holding time,
Ag/P5 shows a better R, than Ag and Ag/P10 metallic dopant paste. Meanwhile,
Ag/P5 has a larger R than Ag/P7.5 and Ag/P10 metallic dopant paste. Based on
Figure 4, the Ag screen-printed on n-Si indicates the highest R, compared to Ag/P
metallic dopant paste. According to Figure 3, samples screen-printed with Ag,
Ag/P5, Ag/P7.5 and Ag/P10 on the oxide layer at the rear n-Si show the lowest
R, than the Al screen-printed on the etched oxide layer at the rear surface. This is
due to more shunting occurring because of leakage current.
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Other than that, samples with an oxide layer on the rear screen printed with Ag/P
paste show an improvement in shunting compared to an etched oxide layer on the
rear due to low leakage current. In conjunction with that, the oxide layer has the
potential to enhance resistance toward recombination at the metal interface. At the
same time, it utilises the work junction difference between the metal contact and
Si in most semiconductors to be more efficient, thereby inducing an effective
junction. Furthermore, surface recombination velocity (S) is lower for n-Si due to
the electron and hole capture cross-section asymmetry, making it less dependent
on the excess carrier density.?**! However, screen-printing Ag/P7.5 on n-Si using
a screen-printing mask is difficult as Ag/P5 for the paste to pass through the mask
film. Thus, adding more H;PO, to Ag paste to produce Ag/P10 dopant paste has
been conducted.

Since the passivated emitter refers to high-quality oxide at the front surface, it
significantly lowers the number of carriers recombining at the surface. Besides
that, the rear is locally diffused only at the metal contacts, Ag/P, to minimise
recombination at the rear while maintaining good electric contacts. Hence, the
passivated emitter and rear show an advantage in enhancing the internal reflection
of long-wavelength light. Apart from that, the interaction of charge carriers with
defects or in-homogeneities and carrier collection probability greatly impact the
current generation, especially between SiO,/crystalline silicon (c-Si) interfaces.
In addition, carrier collection efficiency is uniform for silicon oxide (SiO,)
contact and conduction activation due to the enhancement of dopant diffusion.
This will produce a local depletion region under the SiO; region, resulting in
highly effective carrier separation.?

According to Figure 3 and Figure 4, Ag/P7.5 has the lowest R, among other
pastes. However, there is a problem during the screen-printing process using a
printing mask, especially when using a small bus bar and fingers, due to the
solidifying Ag/P7.5 metallic paste that has been discussed in the early part of this
section. Thus, Ag/P10 paste is chosen as metallic dopant paste for full-device
interdigitated back contact (IBC) Si solar cells because it is much easier to screen-
print using a printing mask.
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Figure 4: Dark I-V evaluation of etched oxide layer (SiO,) on the rear screen-printed with
Al and Ag, Ag/P5, Ag/P7.5 and Ag/P10 on the front surface of n-Si with the
variation of annealing time in s (continued on next page).
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Figure 4: (Continued).

Most of the baseline Ag paste metallisation, as shown in Figure 3 and Figure 4,
illustrates an onset of either leaky-diode or semi-diode behaviour. This is
due to the fact that no additional P is presented with metallic paste that will
simultaneously be diffused into n-Si wafers. Besides that, the work function of
n-Si is around 4.58 eV and Ag is 4.35 eV, which are closer to each other.?*
Since the work function between n-Si and Ag are close to each other, the bending of
the energy band gap will be smaller between metal-semiconductors. The Schottky
barrier formed from the interaction between n-Si and Ag baseline significantly
impacts current transport across the barrier, depending on barrier height (@4,) and
the doping of the n-Si. In conjunction, high doping levels introduced under the
metal contact layer will narrow the ©,,.>> Therefore, the higher the doping, the
narrower the Schottky barrier becomes and the lower the contact resistivity. Thus,
Ag paste was improved by mixing Ag with pure H;PO, solution.

Additional pure H;PO, solution with Ag paste to form a metallic dopant paste of
Ag/P showed an improvement toward ohmic behaviour, which is much better than
for standalone Ag annealed on n-Si. This is associated with enhancing P (n-type)
concentration diffused into n-Si via the co-annealing process. This refinement can
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be seen when the concentration of H;PO, is increased with the same amount of
Ag paste quantity. This process of screen-printed Ag/P on n-Si, known as self-
doped of P-doped with Ag with different types of P, showed promising results
on contact resistivity and conductivity.?*?” The significance of the activation of
P can be seen when increasing the quantity of P with Ag paste. So, high doping
concentration produces a narrow depletion layer as there consists of carrier
tunnelling through the potential barrier, which makes it easier for electrons to
make the transition.”® Other than that, applying P using the variation of diffusion
time of 10 min, 15 min and 20 min determines a significant impact on increasing
and decreasing metallic contact resistance.”

Overall, the total current generated from the no-etched SiO, on n-Si was higher
than the current generated by the etched SiO, layer. However, most of the n-Si with
screen-printed Ag and Ag/P on the etched SiO, layer showed an onset between
semi-ohmic and ohmic behaviour. Meanwhile, screen-printed Ag and Ag/P on
the SiO, layer exhibited an onset between leaky-diode to ohmic behaviour. The
reduction of interface state density by the SiO, layer can enhance the surface
passivation of solar cells rather than using the silicon-silicon nitride (Si-SiN,)
interface. Charge fluctuation by the Si-SiO, interface impacts both front and
rear surfaces, especially with the cell that has the most dependence on the rear
surface.”® Besides that, interfacial SiO, also significantly affects total negative
charge concentration and is needed to build a substantial negative charge for the
aluminum layer. *'** In addition, the Si-SiO, interface is able to create a huge
reduction in contact recombination.

4. CONCLUSION

In conclusion, this study demonstrated that the activation of P from HsPOas plays
a critical role in reducing resistivity and improving ohmic contact behaviour
in silicon solar cells. The diffusion of P into n-Si during the annealing process
enhanced the P concentration, improving electrical performance, which can be
seen for the metallic dopant paste of Ag/P7.5 and Ag/P10. Meanwhile, lightly
doped areas under the rear metal contacts, such as Ag/P5, exhibited increased
contact resistance and recombination velocity. High P concentrations effectively
minimised recombination and contact resistance, enhancing cell efficiency.
By focusing diffusion locally at the Ag/P metal contacts, we achieved better
electrical contact while reducing rear-surface recombination.
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