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Environmental protection mandates have spurred the widespread adoption of lead-free glass in electronic

material adhesion. Glass powder, crucial for solar silver paste, notably affects the ohmic contact at the Ag–Si

interface of crystalline silicon solar cells. This study examines how TeO2 content influences the high-

temperature flowability and wettability of lead-free Bi2O3–TeO2-based glass powder, alongside the

interplay between the glass's thermal properties and interface contact. Additionally, it investigates the

Bi2O3–TeO2 ratio's impact on current transmission through the interfacial glass layer. Experimental

results show that the synthesized glass powder exhibits superior high-temperature flowability and

wettability, with a low contact resistance of 1.5 mU cm2 in silver paste applications. This study also

proposes an optimal approach for enhancing current transmission through the interfacial glass layer.

Consequently, this glass powder is highly valuable for c-Si solar cell silver paste applications, offering

novel insights into improving current transmission efficiency.
1. Introduction

The swi advancement of clean energy has signicantly
heightened interest in crystalline silicon solar cells in recent
years. Specically, electronic paste, used in the front silver paste
of c-Si solar cells, is of particular signicance.1,2 Glass powder,
acting as an adhesive in the front silver paste of c-Si solar cells,
is crucial in the front electrode's metallization process.3 The
glass etches the anti-reective coating and establishes ohmic
contacts, inuencing the electrode's sintering process and
electron conduction mechanism.4–6 In other words, glass
signicantly inuences interface contact resistance, a key
contributor to energy loss in the electron transmission of c-Si
solar cells.

Bi2O3 and TeO2, being environmentally benign, are increas-
ingly used in c-Si solar cell silver paste as alternatives to tradi-
tional PbO glass.7,8 In lead-free glass research, the combination
of Bi2O3 and TeO2 glass, due to their similar properties to
traditional PbO glass and lower thermal performance, respec-
tively, has become a central focus in glass powder studies.8–10
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discovering that it forms a dense surface upon melting and
lowers the contact angle with silicon wafers, thereby enhancing
wettability.11 Hyungsun Kim et al. noted that TeO2/(TeO2 + PbO)
glass shows an increased likelihood of recrystallizing on silicon
nitride layers, leading to reduced ohmic contact resistance.12

Yun Chan Kang et al.'s research suggests that the Bi2O3 in Bi-
based glass powder enhances the silver paste's sintering char-
acteristics and the glass's thermal stability.13

Numerous researchers have intensively investigated the
complexities of the ring process in lead-free crystalline silicon
solar cells' front silver paste and their electrical contact with
silicon.14 When the sintering temperature exceeds the glass's
melting point but remains below that of the silver powder, the
molten glass ows through the silver powder gaps to the Ag–Si
interface, initiating an etching reaction.15 Silver ions in the
paste dissolve into the glass and diffuse towards the silicon
emitter's surface, where they are reduced at the etched sites,
forming silver crystals. In the cooling process, the oversaturated
silver within the glass precipitates out as particles, forming
a complex contact layer on the pyramid-textured silicon surface.
Xiaolong Du et al. employed selective acid etching and
mechanical exfoliation to directly observe the silicon emitter
interface layer. They proposed four Ag–Si contact types and
current transmission paths: direct pathways via silver micro-
crystals, indirect routes through Ag microcrystals and particles,
direct single-step tunneling from the Si emitter to the silver
block, and a multi-step tunneling effect from the Si emitter to
the silver block.16 G. Schubert et al. used in situ Rc measure-
ments to discover that direct contact with silver microcrystals
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Compositions of the glass system (wt%)

Sample Bi2O3 TeO2 B2O3 Al2O3 ZnO Other

G1 60 5 20 3 2 10
G2 50 15 20 3 2 10
G3 40 25 20 3 2 10
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results in extremely low contact resistivity.17 C. H. Lin et al.
utilized transmission electron microscopy to examine the
interface structure of screen-printed silver contacts on c-Si solar
cells, identifying the Ag bulk/thin glass layer/Si contact as the
crucial pathway for current transmission.18 Although these
studies elucidate the interface contact methods and current
transmission paths, they do not extensively explore how glass
inuences these contacts and the forms of Ag in the glass layer.
Thus, this research aims to control interface contact methods
by modifying the glass composition, ultimately improving
current transmission efficiency.

In this study, we synthesized the TeO2–Bi2O3–B2O3 lead-free
glass systems. We controlled the glass's high-temperature
owability and wettability within this systems by adjusting the
TeO2 ratio. This step is critical because TeO2 can improve the
glass's low thermal properties, essential for the interfacial
contact properties of silver paste.7,14 Additionally, employing
mechanical exfoliation for sample preparation and selective
acid etching, we directly observed the interface contact
methods, glass phase distribution, and silver microcrystals and
particles on/in the silicon emitter and interfacial glass layer via
SEM. We conducted an in-depth study on the correlation
between the glass samples' thermal properties and the interface
contact, revealing how the glass composition ratio affects the
growth of silver microcrystals on the silicon emitter and the
formation of silver particles in the interfacial glass layer. We
proposed an optimal interfacial contact method, leading to
glass samples for silver paste with reduced contact resistance.
Overall, this research claries the impact of glass properties on
interface contact methods and current transmission paths,
offering vital guidance for developing high-performance glass
powders for future solar cell applications.
2. Experimental
2.1 Materials

This study utilized semi-processed crystalline silicon solar cells
measuring 182 mm × 182 mm with a sheet resistance of 80 U

sq−1, treated using aluminum back-eld technology. The glass
powder was prepared using the following chemical raw mate-
rials: Bi2O3 ($99.5%, Zhengzhou PainI), TeO2 ($99.0%, Tianjin
Yaohua), B2O3 ($99.5%, Tianjin Fuchen), Al2O3 ($99.5%,
Tianjin Fuchen), and ZnO ($98.5%, Tianjin Kaitong). The
organic carrier was prepared using these chemical raw mate-
rials: ethyl cellulose (Aladdin), diethylene glycol dibutyl ether
($98%, Aladdin), and rosin alcohol ($98%, Aladdin). The silver
powder for the silver paste, with an average particle size of about
1 mm, was sourced from Sino-Platinum Metals Co., Ltd. The
solar screen mesh for screen printing was procured from Kun-
shan Silk Screen Products Co., Ltd.
2.2 Preparation of glass frit

This study employed the melt-quenching method to prepare the
glass powder. Using the components listed in Table 1, we
accurately weighed the necessary oxides for each formula. The
uniformly mixed raw materials were ground in a mortar until
© 2024 The Author(s). Published by the Royal Society of Chemistry
homogeneous and then transferred into a new alumina
crucible. The crucible with reactants was placed in a muffle
furnace and calcined at 1300 °C to ensure complete reaction of
the liqueed mixture. Subsequently, the molten glass was
rapidly poured into deionized water, yielding clear yellow glass
particles. The dry glass particles were then mixed with ethanol
and subjected to wet ball milling at 300 rpm for 24 hours.
Finally, a 400 mesh sieve was used to screen the glass powder,
obtaining samples with the desired particle size.

2.3 Preparation of cylindrical models

The glass powder was uniformly mixed with anhydrous ethanol
in a 90 wt% : 10 wt% ratio to create a paste with optimal
viscosity and dispersity. A cylindrical tablet press mold (size:
5 mm, model: HF-5, depth: 20 mm, material: CR12) was used,
and 0.2 g of the sample was evenly distributed between two pads
in themold cavity. The press rod was inserted and gently rotated
to atten the sample, thus preventing damage to the mold walls
from uneven pressure. The mold was positioned in the center of
the tablet press workbench, and the tablet press screw was
tightened to apply a pressure of 1 MPa to the sample for 60 s.19

Finally, the cylindrical sample (diameter: 5 mm, height: 6 mm)
was removed and positioned on a silicon wafer. The sample was
subsequently heated in a muffle furnace at temperatures of
400 °C, 500 °C, 600 °C, 650 °C, 700 °C, and 800 °C for 90 seconds
at each temperature.

2.4 Screen printing of Ag paste

The silver powder, specic organic carrier, and various glass
powders (G1, G2, G3) were mixed in an 88/10/2 wt% ratio and
processed using a three-roll mill. The nal front gap of the three-
roll mill was set to 3 mm, and the rear gap to 5 mm, producing
a series of silver pastes with various glass powders (P1, P2, P3).
The prepared silver pastes were screen-printed onto the solar
silicon wafers, then placed in a forced-air drying oven at
a constant 160 °C for 20minutes, followed by sintering in a chain
infrared furnace at a maximum temperature of 830 °C.
Ultimately, c-Si solar cells were successfully fabricated, with the
cells made using different silver pastes labeled as C1, C2, and C3.

2.5 Preparation of interface samples

The c-Si solar cell samples were transformed into longitudinal
cross-sectional samples using mechanical grinding. Subse-
quently, the c-Si solar cell samples were sequentially immersed
in HNO3 and HF solutions, with rinsing and drying aer each
immersion. In the rst step, concentrated HNO3 solution was
used to remove the surface silver electrodes and directly con-
nected silver particles, exposing the glass layer surface. In the
RSC Adv., 2024, 14, 6048–6057 | 6049
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second step, the glass layer surface samples were treated with
5 mol per L HF solution to remove the glass layer and any silver
particles not adhered to the silicon surface, resulting in silicon
surface samples.20–22
2.6 Characterizations

Crystal structures of the glass frits were investigated by X-ray
diffraction (XRD, Rigaku, Ultima IV) with Cu Ka radiation.
The thermal properties of the glass powder were measured with
a simultaneous thermal analyzer (TG-DSC, Netzsch, STA409C)
across a temperature range of 25 to 850 °C at a heating rate of
10 °C min−1. X-ray photoelectron spectroscopy (XPS,
ULVAC-PHI, PHI5000, VersaProbe III) was used to analyze the
elements and valence states of different glass powders. A
contact angle meter (SL200KS, USA KINO Industry Co.) was used
to observe the thermal changes in different glasses with
temperature and the contact angles betweenmolten glasses and
silicon wafers. Microscopic images of samples prepared
through selective chemical etching and mechanical grinding
were captured using a scanning electron microscope (SEM,
HITACHI-SU8010, Hitachi Instruments). The resistance
between silver electrodes was measured with a digital DC
resistance meter (VC4090A, China VICTOR) to determine the
contact resistance Rc. The I–V performance of the solar cell
samples was assessed using a Halm instrument.
3. Results and discussion

XPS spectroscopy was used to analyze the elemental composi-
tion and valence states of the glass powder, as depicted in Fig. 1.
Fig. 1(a) shows the full XPS spectrum of the glass powder,
revealing the presence of Bi, Te, B, Zn, and Al, while Fig. 1(b)
presents the XPS spectrum of the C element. The C element is
present as C–C single bonds (binding energy: 284.8 eV) and
C]O double bonds (binding energy: 289.31 eV), with the C–C
single bond peak used for calibration. Fig. 1(c) illustrates that Bi
in the XPS spectrum exhibits binding energies of 159.18 eV and
164.58 eV. Fig. 1(d) shows the XPS spectrum of Te, featuring two
peaks at binding energies of 576.10 eV (Te 3d5/2) and 586.58 eV
(Te 3d3/2). Te is present in the glass in a tetravalent state without
any change in valence. Fig. 1(e) and (f) indicate the binding
energy of B 1s at 191.58 eV, and O 1s at 531.33 eV. Consequently,
the chemical states of the oxides in the glass powder remained
unchanged during the preparation process, conrming their
chemical stability.

The lead-free glass powders were analyzed using X-ray
diffraction (XRD), as depicted in Fig. 2(a). The XRD patterns
of the three glass powder samples, namely G1, G2, and G3,
reveal a prominent broad peak at approximately 28°, charac-
teristic of an amorphous structure, indicating that the G1, G2,
and G3 glass powders are all uniform amorphous glasses. DSC
analysis was conducted to evaluate the thermal properties of
lead-free glass, as illustrated in Fig. 2(b). Table 2 presents data
on the glass transition temperature (Tg), onset crystallization
temperature (Tc), melting temperature (Tm), and their differ-
ence DT (DT = Tc − Tg) for the lead-free glass. The three
6050 | RSC Adv., 2024, 14, 6048–6057
prepared types of lead-free glass all showed lower transition
temperatures, advantageous for early-stage sintering soening
and enhancing silver dissolution in the glass to improve
conductivity. The DT values for the glasses are 118.1 °C,
117.3 °C, and 121.3 °C, respectively, suggesting good thermal
stability for each type. The melting temperature (Tm) is the
temperature at which the glass melts. A lower Tm in lead-free
glass aids in earlier ow during sintering, enhancing SiNx

etching for better contact. As indicated in Table 2, with
increasing TeO2 content in the glass, the melting temperature
of the lead-free glass initially increases and then decreases,
consistently maintaining a relatively low level.

The glass powder was formed into cylindrical shapes using
a tablet press mold and placed on c-Si solar cell samples
measuring 20 mm × 20 mm. Fig. 3 displays the morphologies
of different glass samples at temperatures ranging from 400 to
800 °C. Fig. 4 illustrates the wetting angles between various
glasses and silicon wafers when the glasses are fully melted.
With increasing temperature, the morphology of all samples
starts to change. Upon reaching the soening point, the
samples' volume decreases, yet their cylindrical shape is
maintained. As the temperature approaches the crystallization
temperature, the samples start to expand and become spherical
upon melting. With further temperature increase, the glass's
viscosity decreases and, under gravity, the spherical shape
collapses, spreading over the silicon wafer surface. In the
melting process, a quicker transition from spherical to hemi-
spherical shape indicates better high-temperature owability of
the glass.

As depicted in Fig. 3, with changing temperatures, the
volume of various glass cylinders initially decreases during
soening, increases at crystallization, and decreases again upon
melting. Among the samples, G1 and G3 glasses have lower
melting temperatures, whereas G2 has the highest. Based on
the Bi2O3–TeO2 binary phase diagram, the liquidus temperature
increases with a Bi2O3 to TeO2 mass ratio from 95 : 5 to 75 : 25
and decreases from 75 : 25 to 34 : 66.23 The Bi2O3 to TeO2 mass
ratio in sample G1 is 92.3 : 7.7, in G2 it's 77 : 23, and in G3 it's
61.5 : 38.5. Consequently, G2 exhibits the highest melting
temperature. G1 starts spherizing at 600 °C and fully spreads
over the silicon wafer at 700 °C; G2 begins at 650 °C and also
fully spreads at 700 °C; G3 follows the same pattern, spherizing
and spreading at 650 °C and 700 °C, respectively. Therefore, G2
has the narrowest range from spherization to melting point
(100 °C for G1, less than 50 °C for G2, and 50 °C for G3). This
suggests that G2 undergoes the fastest transition from spheri-
zation to melting, indicative of its excellent high-temperature
owability. Between 700 to 800 °C, the morphology of G1 and
G3 remains largely unchanged, while G2's wetting angle with
the silicon wafer decreases. Fig. 4 demonstrates that aer
complete melting, the contact angle of G2 with the silicon wafer
is smaller than those of G1 and G3 (Fig. 4(a)–(c)). As the TeO2

content in the glass increases, the contact angle of the fully
melted glass with the silicon wafer initially decreases and then
increases.

The experimental results indicate that with 5–25% wt TeO2

in the glass, the melting temperature of the lead-free glass
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 (a) The X-ray photoelectron spectroscopy of G2 glass frit; (b)–(f) the X-ray photoelectron spectroscopy of elements contained in G2
glass frit.

Paper RSC Advances
initially rises and then falls as the TeO2 content increases.
Likewise, the glass's high-temperature owability and wetta-
bility to c-Si solar cell wafers exhibit a similar trend of initially
increasing and then decreasing. Consequently, G2 glass
demonstrates superior high-temperature owability and
wettability.

In c-Si solar cells with a random pyramidal texture, the
distribution of the glass layer and silver microcrystals
© 2024 The Author(s). Published by the Royal Society of Chemistry
signicantly inuences the interface current transmission.
Fig. 5(a1)–(c1) displays SEM images showing the cross-sectional
view of the front metallization of c-Si solar cells. Fig. 5(a1)–(c1)
correspond to samples C1, C2, and C3, metallized with silver
pastes P1, P2, and P3 made from glasses G1, G2, and G3,
respectively. The cross-sectional images reveal a continuous
glass layer between the Ag-bulk and the Si emitter, containing
silver particles of various sizes. Additionally, the shape and
RSC Adv., 2024, 14, 6048–6057 | 6051



Fig. 2 (a) XRD curves of the glass samples; (b) DSC curves of the glass samples.

Table 2 Characteristic temperatures of the glass

Sample Tg (°C) Tc (°C) Tm (°C) DT (°C)

G1 353.1 471.2 630.2 118.1
G2 352.8 470.1 680.4 117.3
G3 352.8 474.1 590.8 121.3
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quantity of silver particles are primarily inuenced by the
composition of the glass. Fig. 5(a1) shows that the glass layer
made from G1 glass powder contains numerous spherical silver
nanoparticles, ranging in size from 10 to 200 nm. Fig. 5(b1)
illustrates that the glass layer made from G2 glass powder
contains many spherical silver nanoparticles of 10–100 nm and
several irregular, silver microcrystals around 100 nm. Fig. 5(c1)
reveals that the glass layer from G3 glass powder mainly
consists of irregular, silver microcrystals ranging from 200 nm
to 500 nm, with hardly any spherical silver nanoparticles. The
variation in shape and quantity of silver particles can be
attributed to the differing concentrations of silver atoms within
the glass layer. During ring, once the glass begins to melt, the
silver powder in the paste in contact with it starts to dissolve
Fig. 3 Sample morphology of G1, G2 and G3 glass frits at 400–800 °C.

6052 | RSC Adv., 2024, 14, 6048–6057
into the glass. The experiment indicates that the capacity to
dissolve and precipitate silver is contingent on the glass
composition. Consequently, with increasing TeO2 content, the
glass's capacity to dissolve silver diminishes, resulting in less
silver within the glass and fewer spherical silver nanoparticles.
However, higher TeO2 content also encourages the formation of
larger, irregular elongated silver microcrystals within the glass
layer. Conversely, it was observed that the glass layer formed by
G3 glass powder is thinner compared to those of G1 and G2. The
reason is that G3, during the ring process, has a higher
melting temperature and poorer high-temperature owability,
hindering its ability to ow through the silver powder gaps to
the Ag–Si interface. This limitation could weaken the adhesion
of the silver paste and the etching reaction of SiNx on the silicon
wafer surface.

Fig. 5(a2)–(c2) presents the SEM images of the front metal-
lization of c-Si solar cells post HNO3 etching. The HNO3 solu-
tion removed the bulk silver layer, leaving behind the interfacial
glass layer. Energy-dispersive spectroscopy (EDS) analysis
conrmed that the white bright spots of varying shapes and
sizes are silver, aligning with prior observations.17,24,25

Fig. 5(a2)–(c2) correspond to samples C1, C2, C3, metallized
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 Contact angle between different glass frits and silicon wafer after completely melting at 800 °C: (a) G1 glass frit; (b) G2 glass frit; (c) G3
glass frit, (d) the relationship between the contact angle of different glasses at melting temperature and temperature and the average contact
angle of different glasses after full melting at 800 °C.
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with silver pastes P1, P2, P3 derived from glasses G1, G2, G3,
respectively. Fig. 5(a2) shows that the glass layer is unevenly
distributed and fails to completely cover the pyramidal texture
of the silicon surface. This is because G1 glass powder exhibits
poorer wettability on the silicon wafer. The glass layer and the
pyramidal silicon surface contain numerous 10–100 nm silver
nanoparticles, with voids also present, as marked by yellow
arrows in Fig. 5(a2). These voids are speculated to result from
nitrogen gas released from the high-temperature reaction of
glass with SiNx on the silicon surface, which is difficult to
escape due to the glass's high viscosity at high temperatures.14,26

Fig. 5(b2) reveals a more evenly distributed glass layer, fully
covering the silicon surface's pyramidal texture, and containing
numerous 10–100 nm silver nanoparticles and chunky silver
microcrystals (shown by green arrows). Furthermore, there are
fewer bubbles in the glass layer compared to Fig. 5(a2), aligning
with G2 glass's superior high-temperature owability. In
Fig. 5(c2), the glass layer is evenly distributed and completely
covers the silicon surface's pyramidal texture. No silver nano-
particles are present in the glass layer, but larger silver micro-
crystals (shown by green arrows) are visible, and the glass layer
contains fewer bubbles.

Fig. 5(a3)–(c3) displays the SEM images of samples C1, C2,
C3 aer HNO3 etching to remove the bulk silver layer, followed
by hydrouoric acid etching to remove the glass layer. These
images reveal the metallized pyramidal texture of the Ag–Si
interface on the silicon layer surface. Energy-dispersive spec-
troscopy (EDS) analysis conrmed that the white particles,
© 2024 The Author(s). Published by the Royal Society of Chemistry
varying in shape and size, are silver. Fig. 5(a3) shows silver
nanoparticles embedded in the pyramidal texture of the silicon
surface, with the pyramid surfaces being relatively rough, which
is a departure from previous studies.14,16,27 This roughness could
be attributed to excessive high-temperature etching of the
silicon wafer by the glass, leading to deeper cavities and
diminished surface smoothness. Fig. 5(b3) illustrates the
silicon surface's pyramidal texture embedded with numerous
10–100 nm silver nanoparticles, and irregularly shaped, larger
silver microcrystals at the pyramid tips (shown by green arrows).
Energy-dispersive spectroscopy (EDS) was further applied to
analyze the red boxed area in Fig. 5(d), reconrming that the
white particles and chunks on the silicon surface are silver, and
additionally detecting traces of Te. This implies that Te serves
as a connecting phase between Ag and Si, promoting the growth
of silver microcrystals on the silicon emitter surface. Fig. 5(c3)
shows that the pyramid tips on the silicon surface feature
irregularly shaped, larger silver microcrystals (shown by green
arrows), with almost no silver nanoparticles observed.

The experimental analysis reveals that improved high-
temperature owability and wettability of the glass facilitate
its movement through the silver powder gaps towards the Ag–Si
interface during sintering, resulting in an evenly spread glass
layer. Additionally, with increasing TeO2 content in the glass, its
capacity to dissolve and precipitate silver gradually diminishes.
When the TeO2 proportion is low, numerous silver nano-
particles precipitate in the glass layer. As the TeO2 content
increases, the number of silver nanoparticles decreases, while
RSC Adv., 2024, 14, 6048–6057 | 6053



Fig. 5 (a1) SEM image of longitudinal section of sample C1, (a2) SEM image of sample C1 after HNO3 etching (the yellow arrows are voids), (a3)
SEM image of sample C1 after etching glass layer by HF acid, (b1) SEM image of longitudinal section of sample C2, (b2) SEM image of sample C2
after HNO3 etching (the green arrows are silver microcrystals and the red box region was analyzed by EDS), (b3) SEM image of sample C2 after
etching glass layer by HF acid (the green arrows are silver microcrystals), (c1) SEM image of longitudinal section of sample C3, (c2) SEM image of
sample C3 after HNO3 etching (the green arrows are silver microcrystals), (c3) SEM image of sample C3 after etching glass layer by HF acid (the
green arrows are silver microcrystals), (d) energy dispersion spectroscopic analysis of the red box region in (b3).

6054 | RSC Adv., 2024, 14, 6048–6057 © 2024 The Author(s). Published by the Royal Society of Chemistry
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the number of irregular silver microcrystals on the silicon
surface's pyramid texture rises. The ohmic contact at the Ag–Si
interface is established through the collective electrical
conduction of these particles within the glass layer. Conse-
quently, the composition of the glass signicantly impacts the
method of current transmission at the Ag–Si interface.

Previous studies identify two primary current transmission
paths in the glass layer at the Ag–Si interface: direct current
transmission via silver microcrystals and particles, and
tunneling electron transmission at the interface of a thinner
glass layer.16,17 Fig. 6(a1)–(c1) show the schematic models of the
Ag–Si interface current transmission paths formed by the three
types of glass powders used in this study. In thesemodels, green
represents pyramidal silicon emitters, silver spheres represent
silver nanoparticles, irregular silver chunks symbolize silver
microcrystals, and black arrows depict the electron trans-
mission paths. The theoretical band diagrams, based on the
current transmission path models of these three glass powders,
are illustrated in Fig. 6(a2)–(c2), depicting electron ow from
right to le towards the Ag bulk.

Fig. 6(a1) illustrates the current transmission model for G1
glass powder, where electrons directly transfer from the Si emitter
Fig. 6 (a1) Schematic model of Ag–Si interface current transmission pat
transmission path formed by G2 glass, (c1) schematic model of Ag–Si int
band diagrams of the corresponding electron transport paths. (The blac

© 2024 The Author(s). Published by the Royal Society of Chemistry
to the Ag bulk via numerous silver nanoparticles and tunneling
through the thinner glass layer. Owing to the interface between
the glass layer, silicon, and Ag bulk, the energy bands are slightly
elevated in Fig. 6(a2), indicating that electrons need to overcome
small barriers on both sides of the glass layer to reach the Ag bulk.
Additionally, the abundance of silver nanoparticles in the glass
layer facilitates direct electron transmission, meanwhile
enhancing the path and probability of electron tunneling.
Fig. 6(b1) shows the current transmission model for G2 glass
powder, where electrons transfer to the Ag bulk via tunneling in
the thin glass layer among silver nanoparticles and directly
through the silver microcrystals on the emitter. Fig. 6(b2) indi-
cates that the silver microcrystals on the emitter lower the elec-
tron transfer barrier, and the abundance of silver nanoparticles in
the glass layer ensures efficient electron transfer, enhancing
current transmission at the Ag–Si interface. Fig. 6(c1) depicts the
current transmission model for G3 glass powder, where electrons
transfer exclusively through the silver microcrystals on the
emitter. Fig. 6(b2) illustrates that while the abundance of silver
microcrystals on the emitter reduces the electron transfer barrier,
the scarcity of silver nanoparticles in the glass layer and the
h formed by G1 glass, (b1) schematic model of Ag–Si interface current
erface current transmission path formed by G3 glass, (a2)–(c2) energy
k arrow in (a1)–(c1) indicates the current transmission path).

RSC Adv., 2024, 14, 6048–6057 | 6055



Table 3 The electrical performance data for three pastes

Sample Rc (mU cm2) Voc (V) Isc (A) FF (%) Eta (%) Rs (mU) Rsh (U)

P1 1.7 0.6853 13.61 81.31 23.09 1.44 740
P2 1.5 0.6868 13.63 81.61 23.17 1.41 1051
P3 2.6 0.6866 13.55 81.11 23.03 1.67 1063

RSC Advances Paper
thicker gap diminish the probability of electron tunneling,
impacting current transmission efficiency at the Ag–Si interface.

To compare the electrical performance of interface current
transmissions formed by G1, G2, and G3 glass powders, we
utilized screen printing pastes P1, P2, and P3, designed using
the Transmission Line Model (TLM) method.28,29 Following
sintering, the resistance between silver electrodes was
measured with a digital DC resistance meter to determine the
contact resistance Rc. Concurrently, c-Si solar cell samples were
fabricated using pastes P1, P2, and P3, and their I–V properties,
including conversion efficiency (Eta), open-circuit voltage (Voc),
ll factor (FF), and short-circuit current (Isc), were characterized
using a Halm tester. The aforementioned data were compiled
and summarized in Table 3.

The results show that the series resistance of P3 paste
samples is signicantly higher than that of P1 and P2, leading to
the lowest short-circuit current and conversion efficiency. As
mentioned earlier, the poor high-temperature owability of G3
glass results in more residual glass in the Ag bulk, increasing its
resistance. Additionally, the glass layer formed by G3 glass
powder exhibits lower current transmission efficiency at the
Ag–Si interface, leading to increased contact and series resis-
tance. The shunt resistance of P1 is signicantly lower compared
to P2 and P3, resulting in a lower open-circuit voltage. This lower
voltage can be attributed to G1 glass's excessive etching of the
silicon wafer surface at high temperatures, damaging its p–n
junction and leading to a lower conversion efficiency than P2.
Consequently, owing to the excellent thermal properties and
interfacial contact performance of G2 glass, paste P2 achieves
the highest conversion efficiency.

4. Conclusions

This study explores the impact of the TeO2–Bi2O3–B2O3 systems
lead-free glass composition on high-temperature owability,
silicon wafer wetting, growth of silver microcrystals on silicon
emitters, and formation of silver particles in the interfacial glass
layer. The results indicate that with a TeO2 to Bi2O3 mass ratio
of 3 : 10, the lead-free glass demonstrates optimal high-
temperature owability and silicon wafer wettability, leading
to the formation of an excellent interfacial contact glass layer
during the sintering of photovoltaic silver paste. Our detailed
study revealed that increasing TeO2 content in the glass reduces
its ability to dissolve and precipitate silver, consequently
diminishing the current transmission efficiency of the Ag–Si
interfacial glass layer. However, with a TeO2 to Bi2O3 mass ratio
of 1 : 12, the excess Bi2O3 reacts excessively with silicon,
damaging the wafer's p–n junction and lowering photoelectric
conversion efficiency. Moreover, the excess Bi2O3 and scarcity of
6056 | RSC Adv., 2024, 14, 6048–6057
TeO2 in the glass layer hinder the growth of irregular silver
microcrystals on the silicon emitter, reducing interface current
transmission paths. Therefore, we determined that the optimal
current transmission method at the Ag–Si interface is the
combined action of silver microcrystals on the emitter and
numerous silver nanoparticles in the glass layer. The best glass
powder formulation is G2. The optimal interface contact resis-
tance achieved with this formulation is 1.5 mU cm2, while the
minimum series resistance for the c-Si solar cell is 1.41 mU.
This study provides new research thought into enhancing the
current transmission efficiency of high-temperature silver paste
in solar cells from the perspective of glass powder composition.
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