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ABSTRACT

Silver (Ag) paste is widely used in semiconductor metallization, especially in silicon solar cells. Ag powder is the material with the
highest proportion in Ag paste. The morphology and structure of Ag powder are crucial which determine its characteristics,
especially for the sintering activity. In this work, a simple method was developed to synthesize a type of microcrystalline spherical
Ag particles (SP-A) with internal pores and the structural changes and sintering behavior were thoroughly studied by combining
ultra-small-angle X-ray scattering (USAXS), small-angle X-ray scattering (SAXS), in-situ heating X-ray diffraction (XRD), focused
ion beam (FIB), and thermal analysis measurement. Due to the unique internal pores, the grain size of SP-A is smaller, and the
coefficient of thermal expansion (CTE) is higher than that of traditional solid Ag particles. As a result, the sintering activity of SP-A
is excellent, which can form a denser sintered body and form silver nanoparticles at the Ag-Si interface to improve silver silicon
contact. Polycrystalline silicon solar cell built with SP-A obtained a low series resistance (R;) and a high photoelectric conversion
efficiency (PCE) of 19.26%. These fill a gap in Ag particle structure research, which is significant for the development of high-
performance electronic Ag particles and efficient semiconductor devices.
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1 Introduction

With the increasing demand of clean sustainable energy,
photovoltaic (PV) has gradually become a competitive alternative
for traditional fossil energy. As the technology with the largest
proportion in the photovoltaic industry, crystalline silicon (c-Si)
solar cells have received great attention worldwide [1].
Semiconductor metallization is a process of forming contact
through screen printing and sintering, which is needed to
manufacture c-Si solar cell devices [2]. The silver paste was utilized
for the fabrication of front electrodes due to its high electrical
conductivity, excellent welding capabilities, and remarkable
chemical stability [3]. Optimal Ag paste can effectively reduce
resistance by electrode densification and contact improvement,
which improves device performance [4]. Over the past three
decades, the development of c-Si solar cells has been remarkable
[5], even if metallization still limits the efficiency improvement of c-
Si solar cells. Therefore, the majorization of Ag paste is still an
effective way to improve device efficiency.

The effect of Ag paste on c-Si solar cells is critically dependent
on designing two high-quality components: the semiconductor-

metal contact (the contact interface between the silicon (Si) layer
and the Ag layer) and the sintered fingers of Ag particles
(conductive network) [3]. Designing these components to
minimize electrical losses due to resistance is essential. Ag paste
typically consists of spherical Ag particles, glass frits, and organic
carrier [6]. As the highest proportion in Ag paste, Ag particles play
a crucial role in electrical properties for their significant impact
during the sintering process [7]. To establish an optimal
connection, the sintering process necessitates the execution of four
distinct stages: firstly, the volatilization of the organic phase;
secondly, the melting of glass frits and Ag particles; thereafter, the
etching of the Si nitride layer by lead in glass frits; and finally, the
formation of a metal-semiconductor connection following the
cooling down period [3, 8]. Ag particles affect the sintering process
dramatically, hence controlling the morphology and structure of
Ag particles to obtain different properties is important [9]. In
previous studies, it was found that the morphology and particle
size of Ag particles affect its sintering performance [9, 10].
Generally, Ag particles with nano-size can be added to improve
sintering activity and to densify the sintered bulk. This is due to
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the nanometer size effects of particles materials. As the size
decreases, the specific surface area increases and the melting
temperature decreases [11-13]. However, the specific surface area
of nanoscale powders is extremely high, which makes the viscosity
of the slurry too high to achieve precision printing [14]. Therefore,
improving the sintering performance by changing the structure of
Ag particles rather than using nanoscale Ag particles is an effective
way to improve device performance. However, there is limited
research on the internal structure of Ag particles.

In order to regulate the sintering performance of Ag particles at
similar size, the internal structure of Ag particles was designed. Ag
particles were usually prepared by liquid-phase reduction method
[15-19]. There are many methods for preparing hollow powder
materials, especially the template method [20-22]. In this work, a
type of low crystalline hollow spherical Ag particles (marked as SP-
A) was synthesized by adding sodium dodecyl benzene sulfonate
(SDBS) and isohexadecanol, while a type of traditional high
crystalline solid Ag particles (marked as SP-B) was synthesized.
The SP-A have a better sintering activity than SP-B. These two
types of Ag particles were used to prepare the front Ag paste for
solar cells (marked as Paste-A and Paste-B, respectively), which
were printed on polycrystalline Si chips to make c-Si solar cells
(marked as Cell-A and Cell-B, respectively) [23]. The Cell-A
obtained a high short-circuit current density (j,) and a low R,
while the Cell-B obtained a lower j. and a higher R;. As the result,
the filling factor (FF) of Cell-A was 79.12% and the power
conversion efficiency (PCE) of it was 19.26%, higher than Cell-B
(FF of 76.66 % and PCE of 18.23%). This exhibits a competitive
advantage when compared to cells of the same type in other
related works. Then the difference of structure and sintering
activity of SP-A and SP-B and the sintered Ag fingers of Cell-A
and Cell-B were explored by multiple detection methods.

2 Experimental

2.1 Materials and devices preparation

Preparation of Ag particles: The Ag particles were prepared by
liquid-phase reduction method. The fabrication process of Ag
particles requires three steps. Firstly, Ag nitrate was dissolved in
deionized water (concentration was 0.1 M). Then, ammonia
monohydrate was added with twice the molar ratio of Ag nitrate.
Finally, additives were added into the solution to obtain oxidant
solution. The reductant solution was prepared by dissolving
ascorbic acid in water (concentration was 0.07 M). Equipped with
a hedging and confluence device, the reducing solution and
oxidizing solution were mixed to obtain a suspension containing
Ag particles. After separating the solid and liquid, the precipitate
was cleaned to obtain Ag particles. To make the surface of Ag
particles hydrophobic, an emulsion composed of stearic acid,
benzotriazole, sodium dodecyl sulfate, alcohol ethoxylate 3, and
sodium hydroxide was used to coat these particles. Finally, the Ag
particles were dried and mechanically stirred, and ethanol solution
of stearic acid and its derivatives were added during stirring for
secondary coating, and then were cleaned and dried to obtain a
sample of Ag particles. As surfactant and cosurfactant, SDBS and
isohexadecanol were added into the oxidized liquid to fabricate SP-
A. Moreover, Na,SO; was added into the oxidized liquid to
prepare the control group of SP-B.

Preparation of Ag paste: Ag paste was prepared by mixing 90%
Ag particles, 8% organic carrier (containing resin and solvent),
and 2% glass frits (containing Pb, Si, Te, W, etc.) and using a
homogenizer and a three rolls machine to disperse it thoroughly.
Paste-A and Paste-B were used SP-A and SP-B, respectively.

Manufacturing of polycrystalline Si solar cells: The cells were
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manufactured by using Paste-A and Paste-B with similar
procedures and were marked as Cell-A and Cell-B, respectively.
The manufacturing process of c-Si solar cells is as follows: By
screen printing and co-firing in a belt furnace, Al-Si (made by
aluminum paste) and Ag-Si contacts (made by Paste-A and Paste-
B, respectively) were formed on the polycrystalline Si wafer
(156.75 mm x 156.75 mm). The Si wafers and aluminum paste
used in this work were commercial products. The electrical
parameters of the cells were measured using a pulsed solar
simulator (PSL SCD, BERGER Lichttechnik GmbH & Co.KG). A
digital source meter (Keithley 2602A) was used for measuring
resistance (the resistance was measured after sintering a 0.5 mm X
40 mm x 5 pm silver gate wire printed on an alumina ceramic
substrate).

2.2 Materials characterizations

The morphology and structure of the materials and devices were
examined by scanning electron microscope (SEM, ZEISS SUPRA-
55). The crystalline structures of the samples were analyzed by X-
ray diffraction (XRD) measurements with a Bruker D8 Discover
diffractometer (Cu Ko radiation with A = 1.5405(6) A within the
20 range of 10°-80°). The Brunauer-Emmett-Teller (BET)
analyzer (ASAP 2020M + C) was used to measure the specific
surface area of Ag particles on the outer surface. The in-situ
heating device (Anton Paar, HTK 1200N) for in-situ XRD was
used to study the structural changes during heating process.
Thermal analyses were conducted on a
thermogravimetric/differential scanning calorimetry (TG/DSC)
analyzer (NETZSCH, STA449F3) and a thermo mechanical
analyzer (TMA, METTLER TOLEDO, TMA-SDTA2) to
determine the sintering properties and sintering behavior of Ag
particles. A three-dimensional (3D) laser confocal scanning
microscope (KEYENCE, VK-X200) was used to observe the shape
of Ag finger. A focused ion beam (FIB, FEI Scios) equipment was
used to analyze the sintering process of Ag particles at different
temperatures and the cross section of Ag finger, and an energy-
dispersive X-ray spectroscopy (EDX) (Oxford X-Max 170) was
used to analysis Ag-Si interface composition. Ultra-small-angle X-
ray scattering (USAXS) and small-angle X-ray scattering (SAXS)
were used to characterize the internal structure of Ag particles.
USAXS was performed at BL10Ul beamline of Shanghai
Synchrotron Radiation Facility (SSRF) with 10 keV X-ray energy
and Dectris Eiger 4M detector. SAXS was performed at the
Institute of Advanced Science Facilities, Shenzhen (IASF) with
liquid metal jet source (Ga Ka: 9.24 keV, wavelength: 1.35 A) and
Dectris Pilatus 1 M detector. USAXS data and SAXS data of the
same sample were merged for a wider range of scattering vectors.
A Malvern-Zetasizer-Nano-ZS90 was used for measuring micelle
particle size.

3 Result

Ag particles were synthesized through liquid phase reduction
method. After washing and drying, the final sample of Ag particles
was obtained by surface smoothing treatment. The surface
smoothing treatment was to disperse the agglomerated Ag
particles after drying and make their surface smooth of the
production of Ag paste. Figure 1(a) illustrates the fabrication
process of Ag particles. The overall morphology, surface
microstructure, and cross-sectional structure morphology of SP-A
are shown in Figs. 1(b)-1(d). The SP-A are spherical particles with
a particle size of 1-2 pm, with good dispersibility and no particle
agglomeration. The surface of SP-A is relatively rough with many
microstructures. The cross-section of SP-A was prepared using
FIB, and many pores ranging from tens to hundreds of
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Figure1 Manufacturing process and structural characterization of Ag particles. (a) Schematic of Ag particles fabrication process. Left to right: two types of solution
were mixed through a confluence device, filtered, and dried after surface coating, crushing, and surface smoothing treatment. (b)-(d) The SEM images of the
morphology and cross-sectional structure of SP-A. (e)-(g) The SEM images of the morphology and cross-sectional structure of SP-B. (h) The adsorption and
desorption isotherms curves of SP-A and SP-B. (i) and (j) The crystal structure characterization of SP-A and SP-B, respectively.

nanometers can be observed. The soft template method obtains
special structures by using surfactants with hydrophobic and
hydrophilic groups to form micelles or droplets in solution to
provide templates for synthesized materials. This type of method
has been applied to synthesize various nanomaterials [20-22].
Some surfactants can affect the aggregation and growth of silver
particles and provide soft templates [24]. The micelles formed by
adding a single SDBS to the solution are relatively small. By
adding surfactant (SDBS) and cosurfactant (isohexadecanol)
simultaneously, some droplets with large sizes are formed (the size
distribution of the droplets is shown in Fig. S1 in the Electronic
Supplementary Material (ESM)). Due to the addition of
cosurfactants, the structure of the droplets is more stable [25-28].
In addition, the convergent mixing method of reductant solution
and oxidant solution makes an intense reaction (Fig. 1(a)), which
is conducive to generating smaller silver microcrystals. The
presence of pores inside SP-A may attributed to these stable
droplets and the smaller silver microcrystals. Figures 1(e)-1(g)
show the overall morphology, surface microstructure, and cross-
sectional structure morphology of SP-B. SP-B are also spherical
particles with a particle size of 1-2 um, with good dispersibility
and no particle agglomeration. Compared to SP-A, the surface
structure size of SP-B is relatively large. The cross-sectional SEM
image of SP-B shows that SP-B are solid particles with a small
number of nanopores but without macroscopic pores. Figure 1(h)
shows the adsorption and desorption isotherms curves of SP-A
and SP-B, with a specific surface area of 0.7282 m?*/g for SP-A and
0.4877 m?/g for SP-B (the original graph is shown in Fig. S2 in the
ESM). To determine the crystal structures of SP-A and SP-B, XRD
measurements followed by Rietveld refinement on diffraction
patterns were performed [29, 30]. As illustrated in Figs. 1(i) and
1(j), both SP-A and SP-B are related to the Ag standard (4-0783)

[15]. The structural model with Fm-3m space group can describe
the structure of SP-A and SP-B, in which the Ag is arranged in a
face-centered cubic [31]. The characteristic peaks appear with 260
values at 38.1°, 44.3°, and 64.4°, corresponding to (111), (200), and
(220) crystal planes, respectively [15]. According to the refinement
results in Table S1 in the ESM, the SP-A possess the initial unit cell
parameters of a = b = ¢ = 4.087 A and V = 68.313 A®, while the SP-
B possesses the initial unit cell parameters of a = b = ¢ = 4.090 A
and V = 68440 A’ The difference in the initial unit cell
parameters between SP-A and SP-B is not significant. The
sintering activity of particles is closely related to their grain size
and specific surface area, due to small grain size with large specific
surface area enhances sintering activity [12, 17]. In order to further
analyze the difference between SP-A and SP-B, their average grain
sizes were calculated. Usually, the microcrystalline size of particles,
at a scale of several tens of nanometers, can be calculated using the
Scherrer formula [32]. Scherrer formula can be written as

D, = Ky/ (Bcosb) (1)

where K is the Scherrer constant; D, is the average thickness of the
grain perpendicular to the crystal plane direction; B is the width at
half peak height of the measured sample diffraction; 0 is the Bragg
angle; and y is the X-ray wavelength, which is 1.54056 A. For
spherical particles, the value of K is 0.89. By Eq. (1), the average
grain sizes of SP-A and SP-B can be calculated to be 23.86 and
30.56 nm, respectively (Table S2 in the ESM). Qualitatively, this
result is consistent with the SEM image. Due to the average grain
size of SP-A being smaller than that of SP-B, the surface of SP-A
would be rougher than that of SP-B. It is consistent with the BET
results (Fig. 1(h)). Research found that the larger the specific
surface area of the powder, the more favorable it is for sintering
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[11,12,17]. In brief, the above results indicated that the sintering
activity of SP-A should be higher than that of SP-B.

In order to further characterize the differences in the internal
structure of SP-A and SP-B, USAXS and SAXS were used and
their results were merged for the same samples. Figure 2(a) depicts
FIT2D data processing of USAXS for SP-A and SP-B, respectively.
Subsequent data calculations are based on the results of the
Guinier-Porod model calibration [33,34]. Figure 2(b)
demonstrates the relationship between I and q of SP-A and SP-B.
According to the theories of Guinier and Porod [35,36], the
measurable range of pore diameter can be written as

q = 4sinf/A (2)

D=2/q (3)

where ¢ is the scattering vector; D is the pore diameter; A is the X-
ray wavelength; 6 is the scattering angle.

The measuring range of g in this work ranges from 0.014958 to
23358 nm™, corresponding to the range of D from 2.690 to
420.055 nm according to Eq. (3). The slope of I in the log-log plot
decreases with the increase of g, which indicates that there is an
electron density contrast between the pores and the Ag body in
the Ag particles. Figure 2(c) shows the curves of In(I)-¢° and
In(Iq*)-q’ for SP-A and SP-B. By calculating the slope of the high q
part of the In(Ig")-q’ curves, the invariant K can be obtained [37],
as well as the invariant Q by integrating Iq’ [38]. Based on the
above results, the pore size distribution (PSD) of Ag particles is
calculated using the log-normal distribution method (related
calculation results are shown in Table S3 in the ESM) [39]. Figure
2(d) displays the results of PSD (the full pore diameter distribution
is added in Fig.S3 in the ESM). It is obvious that the PSD
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Intensity =x10*

In(l (a.u.))

G (nm™)
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distribution of SP-A is wider than that of SP-B, and the overall
pore size of SP-A is much larger than that of SP-B. The PSD
results are consistent with the cross-sectional morphology of the
Ag particles in Figs. 1(d) and 1(g). Using software (nano
measurer) to measure the scale of pores for SP-A, 169 visible pores
were measured, and the counting frequency of their pore size
range is consistent with the PSD results of SAXS (Fig. S4 in the
ESM). On the one hand, the pores with diameters of tens to
hundreds of nanometers in SP-A may affect the Ostwald ripening,
which makes the grain size of Ag particles smaller. On the
other hand, it may provide additional power to promote
sintering [40, 41].

To investigate the behavior of two types of Ag particles
sintering processes, in-situ heating XRD measurement and
thermal analysis were applied. Figures 3(a) and 3(b) illustrate the
in-situ heating XRD results of SP-A and SP-B. It is obvious that
the peak intensity of SP-A increases suddenly between 170-
180 °C, while the peak intensity of SP-B increases suddenly
between 220-240 °C. This indicates that the grain coarsening
temperature of SP-A is lower than that of SP-B. The value of Dc at
each temperature is calculated by Eq. (1), and the result is reflected
in Fig. 3(c). The curve of SP-A shows a mutation between 170 and
180 °C. The curve of SP-B has a steep curve at 220-240 °C,
followed by a gentle rise as SP-A. It means that the temperature of
grain coarsening in SP-A is lower than that in SP-B, and the
sintering activity of SP-A is better. After the in-situ heating XRD
test, SP-A sintered into a dense network, while the SP-B is still in
the stage of sintering neck expansion and has not connected into a
sheet-like network (shown in Fig. S5 in the ESM). This may be
due to the pores inside the SP-A particles, which cause them to
expand outward and sinter with surrounding particles during the
heating process. The DSC curves of SP-A and SP-B can be seen in
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Figure2 Merged USAXS and SAXS results for Ag particles. (a) Primitive images of SP-A and SP-B respectively on detector, selecting interest area, and searching for
center coordinate points. (b) The relationship between I and g after calibration with the Guinier-Porod model. (c) The curves of In(I)-¢* and In(Ig")-¢ for SP-A and
SP-B, respectively. (d) The PSD was calculated using the log-normal distribution method in the pore diameter range from 0 to 100 nm.
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Figure3 In-situ heating XRD measurement and thermal analysis characterizations of Ag particles. (a) and (b) In-situ heating XRD spectra of SP-A and SP-B,
respectively. (c) The graph of Ag particles grain size variation with temperature. (d) The DSC curves of Ag particles. (¢) The TMA and volume change rate curves of

Ag particles.

Fig. 3(d) and reveal that SP-A have a significant exothermic peak
from 170 to 200 °C, while SP-B is relatively flat with no obvious
peaks. This exothermic peak may be beneficial for the sintering of
silver particles and may change their grain size [42-46]. To further
understand the sintering process, TMA was used to study the
volume change of Ag powder during the sintering process. As
shown in Fig 3(e), the volume expansion of SP-A with
temperature change is faster than that of SP-B. The coefficient of
thermal expansion (CTE) for SP-A from 20 to 300 °C is
227.6 ppm/K, which is 2.37 times that of SP-B (95.7 ppm/K). A
high CTE could provide an additional pressure during the
sintering process, facilitating sintering between particles [47, 48].
Due to the internal pores, the SP-A particles undergo thermal
expansion and sintering with other particles, consistent with the
SEM results after in-situ sintering. These results indicate that the
pores inside SP-A are beneficial for sintering.

To intuitively investigate the sintering process of these two
types of Ag particles, FIB was used to prepare the cross-section of
the Ag sintered body, and electron beam and ion beam imaging
were used for observation. Figures 4(a)(1)-4(a)(6) show the cross-
section morphology of electron beam imaging of SP-A sintered
body after heating at different temperatures for 3 min. After
heating at 250 °C, large sintering necks have been formed between
the Ag particles, which are interconnected to form a network, and
the small pores inside the Ag particles have merged into large
pores. From 300 to 400 °C, the number of independent small
pores in the sintered body decreases while the size of the pores
increases, which is a process of pore merging. When the heating
temperature exceeds 500 °C, the pores of the sintered body
continue to disappear, and this stage is a densification process [45,
46, 48]. The results of the same process for SP-B are shown in Fig.
4(b). After 250 °C heating, only a few particles form sintering
necks between them, while most are independent. As the
temperature rises to 300 °C, sintering necks form between almost
all particles and some tiny pores appear inside these particles.
From 400 to 500 °C, the sintered body of SP-B is still in the stage
of the sintering neck expanding, and the gaps between particles
have not significantly decreased [46, 48]. Meanwhile, we can see
that at this stage, the small pores inside the particles merge into

spherical larger pores. At temperatures above 600 °C, the sintered
body begins to densify with the disappearance of pores. After
heating at 700 °C, the pores of the SP-B sintered body become
smaller and fewer, but still more than those of the SP-A sintered
body. Comparing the heating results of SP-A and SP-B at different
temperatures, the temperature at which sintering begins of SP-A is
lower than that of SP-B, and the sintered body of SP-A is denser
than that of SP-B after heating at the same temperature. From the
process of pores merging to the disappearance, the results are
consistent with the distribution results of USAXS and SAXS.
There are several nanometers of pores in SP-B, but due to their
small size, they have almost no effect on sintering. The large pores
in SP-A play a significant promoting role during sintering.

The SEM images (Figs. 4(a) and 4(b)) are used to observe the
changes in the internal pores of the sintered body during the
sintering process. Electronic imaging is limited and cannot
observe the changes in grain size during sintering. Since the
interaction between ions and atoms depends on the grain
orientation of the crystal, ion beam imaging and electron beam
imaging can complement each other to obtain more
comprehensive material characteristics [49]. To analyze the
changes in grain size and orientation of Ag particles and sintered
bodies during the sintering process, ion beams were used to
observe the same cross-section of the samples in Figs. 4(a) and
4(b). The ion beam imaging results of the cross-section for SP-A
after heating at different temperatures are represented in Fig. 4(c).
Observing the particle cross-section of SP-A heated at 250 °C,
grains of SP-A have obvious orientation. Compared to unheated
SP-A particles with fine and irregularly distributed grains (shown
in Fig. S6 in the ESM), their grain size increases and the grains are
arranged radially around the internal pores of the particles. This is
similar to the sintering behavior of Ag nanoparticles [50]. As the
heating temperature increases to 700 °C, the grains of SP-A
particles further coarsen. During the heating process, the radial
grains at the formation position of the sintering neck are still
retained. Figure 4(d) shows the ion beam imaging results of the
cross-section for SP-B after heating at different temperatures. After
heating at 250 and 300 °C, the internal grains of SP-B particles are
similar to those of unheated ones, and they are fine and irregularly
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distributed grains. When the heating temperature increases to
350 °C, stripe grains appear in the sintered body (shown in Fig. S7
in the ESM), which is consistent with the DSC results of SP-B.
Unlike the radial grains of SP-A, the strip like grains of SP-B
traverse the entire SP-B particle (the surface images of grain
orientation of the sintered body for SP-A and SP-B are displayed
in Fig. S8 in the ESM). As the heating temperature increases, the
grain size of the sintered body for SP-B continues to increase same
as the heating process of SP-A.

In conclusion, SP-A can start sintering at lower temperatures
and its sintering activity is better than SP-B. Sintered at the same
temperature, SP-A can form a denser sintered body (reflected in
Fig. S9 in the ESM). The excellent sintering performance of SP-A
is attributed to the pores structure and the small grains around
these pores, which provide more defects and accelerate the Ag
diffusion rate. This structure forms many radial grain structures
between particles during the sintering process, providing faster
channels for atomic movement [43-45,48]. This excellent
sintering performance of SP-A enables rapid sintering at lower
temperatures to form a good connection with the substrate (for c-
Si solar cell, the substrate is Si wafer ), as well as the sintered body
itself [51]. The metallization of c-Si solar cells is completed by
rapid sintering in an infrared sintering furnace, and the high
sintering activity of SP-A may cause the contact between Ag and
Si closer as well as the contact between Ag particles, thereby
forming a better contact [52].

The SP-A and the SP-B were mixed respectively with the same
glass frits powder and organic phase to produce Ag paste (marked
as AP-A and AP-B), and the AP-A and the AP-B were printed on
polycrystalline Si wafers, then an infrared sintering furnace was
used to produce polycrystalline c-Si solar cells, labeled as Cell-A
and Cell-B, respectively. The Real photo and 3D laser images of
polycrystalline Si solar cell in this work are shown in Fig. S10 in
the ESM, and the photovoltaic performance parameters of Cell-A,
Cell-B, and same type devices in other works are listed in Table 1
[53, 54]. The cell made by commercial silver paste was labeled Cell-
commercial. In order to make the data statistically meaningful, a
statistical analysis of the efficiency for Cell-A, Cell-B, and Cell-
commercial was produced and drew a box plot to display the

result. The statistical data on the efficiency of cells are shown in
Fig. S11 in the ESM. Overall, both the highest and average PCE of
Cell-A are higher than that of Cell-B. Compared with cells made
by commercial silver paste, the PCE of Cell-A is competitive (the
raw data is shown in Tables S4- S6 in the ESM).

Figure 5(a) compares photovoltaic characteristic parameters
between Cell-A and Cell-B. There is not much difference in open
circuit voltage (V) between these two cells due to the same glass
frits, while the R of Cell-A is smaller than that of Cell-B [55, 56].
This results in high j,, FF, and PCE for Cell-A. The difference of
R, may be due to the difference of contact between Ag finger and
Si, as well as Ag finger sintered body. Figures 5(b) and 5(e) display
the 3D laser topography of the Ag fingers of Cell-A and Cell-B.
FIB was used to prepare the cross-sectional samples of Ag fingers
for Cell-A and Cell-B to observe their state after sintering. As
shown in Figs. 5(c) and 5(f), the Ag fingers of Cell-A are denser
than those of Cell-B. Meanwhile, many radial grains in the Ag
finger of Cell-A, while the Ag finger of Cell-B has no this
structure, consistent with the structure in Fig. 4. The silver pastes
produced by SP-A and SP-B are labeled as paste-A and paste-B,
respectively. The resistance of the printed wide finger lines made
by paste-A, paste-B, and commercial silver paste (paste-
Commercial) was measured through a four-wire method to obtain
their conductivity (shown in Fig.S12 in the ESM) [57]. The
conductivity of paste-A after sintering is 1.536 x 10’ S/m, which is
higher than that of paste-B (1.331 x 10" S/m). This is consistent
with the previous results. The conductivity of paste-A after
sintering is slightly lower than that of paste-Commercial (1.78 x
107 S/m). The Ag-Si contact part of Cell-A and Cell-B is reflected
in Figs. 5(d) and 5(g). The Ag-Si contact of Cell-A is tight, while
the Ag-Si contact of Cell-B has some voids. In addition, there are
differences in the silver and silicon layer interfaces between Cell-A
and Cell-B. There are many Ag nanoparticles in the interface glass
layer of Cell-A. On the contrary, there is little Ag nanoparticle in
the interface glass layer of Cell-B. The SP-A are sintered at lower
temperatures, and this high sintering activity may allow SP-A for
better melting into the glass during the fast-firing process, which is
conducive to the precipitation of Ag nanoparticles in the interface
glass layer. Energy dispersive spectrometer (EDS) point-scan

i’f ? * “é i @ Springer | www.editorialmanager.com/nare/default.asp

Tsinghua University Press



Nano Res. 2024, 17(4): 3189-3197

Table1 PV performance parameters of Cell-A, Cell-B, and other same type cells
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Cell Voo (V) joe (MA/cm?) R (Q)) FF (%) PCE (%)
Cell-A 0.6432 37.84 0.002726 79.118 19.26
Cell-B 0.6435 36.89 0.004561 76.769 18.23
Cell-commercial-Ag 0.6382 37.73 0.002483 79.071 18.98
Other Cell-1[53] 0.6266 36.78 — 78.9 18.1
Other Cell-2 [54] 0.6270 35.59 — 78.99 18.07

(a) (b)

Voe (MV)

Bl cCel-A

j Cell-B

n (%) Isc (A)

(e)

FF (%) 1/Rs (mQ™")

clsd 85 812) 100)
calB2 8(1) 84 7.)
caiBa 703 854 7.0)

Figure5 Performance comparison of Cell-A and Cell-B and the cross-section structure of Ag fingers for them. (a) The comparison of photovoltaic parameters for
Cell-A and Cell-B. (b)-(d) The 3D laser image and the cross-sectional morphology of Ag finger for Cell-A. (e)-(g) The 3D laser image and the cross-sectional
morphology of Ag finger for Cell-B. (h) and (i) the EDS point-scan results of Cell-A and Cell-B.

mode is used to determine the content of elements in the glass
layer. It is obvious that the percentage of Ag in the interface glass
layer of Cell-A is higher than that of Cell-B (the original report is
shown in Fig. S13 in the ESM). The Ag nanoparticles in the glass
layer can improve the silver silicon contact and reduce the R
[58-60]. It proves that SP-A with high sintering activity can
promote the formation of good contact at the Ag Si interface.
These result in a low R, of 2.72 mQ) for Cell-A, while a higher R, of
4.56 mQ) for Cell-B. In addition, the j. of Cell-A (37.84 mA/cm?)
is also higher than that of Cell-B (36.89 mA/cm?). As a result, the
FF of Cell-A is 79.12%, and the PCE of it is 19.26%, higher than
Cell-B (FF of 76.66 % and PCE of 18.23%). Compared to SP-B, the
SP-A with high sintering activity caused by internal pores is more
conducive to forming high-quality Ag fingers and Ag-Si interface,
thereby improving the PCE of ¢-Si solar cells. Although the R, of
Cell-A is slightly higher than the R, of the cell made of commercial
materials, the V. (0.6432 V) and j, (37.84 mA/cm’) of Cell-A are
both higher than those of the cell made of commercial materials
(0.638 V and 37.73 mA/cn’, respectively). It makes the maximum
power (Pmpp) of Cell-A (4.723 W, shown in Table $4 in the ESM)
higher than Pmpp of the cell made of commercial materials
(4.654 W, shown in Table S6 in the ESM). The result is that the
PCE of Cell-A is higher than that of the cell made of commercial
materials. Compared to the cell made by commercial materials,
the absolute efficiency improvement (AEI) of SP-A is 0.28% and
relative efficiency improvement (REI) is 1.4%, which is significant
compared to other similar work (shown in Fig. S14 in the ESM)
[61-63]. Moreover, the PCE of the Cell-A is competitive
compared to the same type of polycrystalline silicon cells in other
works (shown in Fig. S15 in the ESM).

4 Conclusions

In summary, using a simple method, we successfully synthesized
highly dispersed low crystalline SP-A with internal pores structure.
The structure and the distribution of internal pores for SP-A were
studied by XRD, SAXS, and USAXS. Compared to traditional Ag
particles with no obvious internal pores, pores range from tens of
nanometers to hundreds of nanometers inside SP-A. Due to the
internal pores, the weakening of Ostwald ripening leads to the
small D, of SP-A, and the CTE is high during heating. By
observing the morphology and grain changes of SP-A at different
heating temperatures, it was found that small grains around the
internal pores gradually merge and coarsen during heating, then
formed radial large grains and grain boundaries. This provides a
faster path for the diffusion of Ag. Therefore, SP-A has excellent
sintering performance, which can form a tighter sintered body and
achieve better contact effect. Finally, a polycrystalline c-Si solar cell
was made using SP-A, with low R, of 2.72 mQ and a high PCE of
19.26%. In particular, this work provides a method for
characterizing the internal structure of Ag particles and analyzing
the influence of internal pores structure on sintering, which is of
great significance for the development of high-performance
electronic Ag particles and efficient semiconductor devices.
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