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Glass frits play an important role in the front contact electrodes of
crystalline silicon (c-Si) solar cells. In this work, we developed a
novel glass frit by doping Ag into a glass frit in the process of high-
temperature synthesis. When the Ag paste including this novel glass
frit was used as the front contact electrode of silicon solar cells, the
conversion efficiency of poly-crystalline silicon (pc-Si) solar cells
was improved by 1.9% compared to the glass frit without
Ag. Through SEM characterisation and calculation of series resistance,
we further found that the interface between Ag and Si was improved
and the contact resistance of Ag and Si was greatly reduced, which
were believed to be responsible for the improvement of solar cell
performance. This work shows great guidance significance to develop
novel and highly efficient commercial glass frits applied in solar cells in
the future.

As we know, crystalline silicon solar cells have occupied a major
market share in the photovoltaic market due to their advantages
of environment-friendly character and high power conversion
efficiency (PCE).'™ Recently more and more researchers paid
attention to developing low-cost and high-efficiency front
contact electrodes of crystalline silicon solar cells;*"" Ag paste
is the first choice to prepare the front contact electrodes. It
consists of Ag powder, glass frit and organic carrier.">'* Among
them, the content of glass frit is the least, but it is essential for
solar cells to gain a good performance. In the fabrication of front
contact electrodes, the glass frit will etch through passivation
and anti-reflection coating (SiN, layer) in the sintering process of
c-Si solar cells, which will form a good Ohmic contact between
Ag and Si."*™"

During the sintering process, traditional glass frits will
experience several changes with temperature increase. Firstly
glass frits begin to soften and flow to the surface of the SiN,
layer under the influence of gravity. Then etching reaction will
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take place on the surface (reaction (1) seen below).'®'® With a
further increase of the temperature, part of silver particles in Ag
paste will be oxidized and dissolved into glass frits (reaction (3)
seen below), which will further accelerate the etching process,
because Ag,O can also etch the SiN, layer (reaction (2))."*'%*°
Some neutral Ag atoms are produced through reaction (2).
When temperature reduces, these Ag atoms will be recrystal-
lized into Ag nanoparticles in the interfacial glass layer.” >
Our previous work showed that the concentration of these Ag
nanoparticles had an important effect on the efficiency of c-Si
solar cells.>* A large concentration of Ag nanoparticles in the
glass layer between Ag and the n-Si layer brings about a good
Ohmic contact between the front contact electrodes and the
n-Si layer. Conversely, a large contact resistance between Ag and
the n-Si layer will be generated,”">* which was unfavorable for
electron transfer from the n-Si layer to the contact electrodes.
So we try to increase the concentration of Ag in the glass frit. It is
hard for traditional glass frits to increase the concentration of Ag
during the sintering process. Although some groups reported
several methods for increasing the concentration of Ag in the
glass frit such as increasing the sintering temperature,'**
increasing the amount of O, in the sintering atmosphere during
the sintering process®®”” and enhancing the content of PbO in
the glass frit,>>*® they all showed some disadvantages and the
effect was not obvious.

2PbO + SiN, — 2Pb + SiO; + gNz (1)
2Ag,0 + SiN, — 4Ag + SiO; + %’Nz @)
2Ag,0 + Si — 4Ag + SiO, (4)

According to the work of the Hest group,'* we know that PbO
in the glass frit began to etch the SiN, antireflective-coating at
500 °C (reaction (1)). Above 650 °C, Ag (from Ag particles in Ag
paste) began to dissolve into the molten glass frit by reaction (3)
and reacted with the SiN, layer (reaction (2)). If Ag is doped in
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glass frits during the preparation of glass frits, Ag" doped in
glass frits will be reduced to many neutral Ag atoms in the
sintering process in advance, because the equilibrium
reduction potential of Ag" is higher than that of Pb*" in glass
frits.’®?® As the temperature increases further, extra Ag (from
Ag particles in Ag paste) is oxidized and dissolved in glass frits.
Then they are reduced to Ag atoms in glass frits. When solar
cells are cooled, more Ag atoms will be recrystallized into more
dense Ag nanocrystals in the interfacial glass layer than that
obtained by applying no Ag-doped glass frits.'®

So we choose a novel way to implement our purpose by
doping Ag ions into glass frits during the preparation of glass
frits. We infer that the performance of solar cells will be
improved using this kind of glass frit instead of a traditional one.

In this work, we successfully fabricated a Ag ion doped glass
frit for the first time, and it was used to prepare Ag paste. The
paste with the Ag ion doped (Ag-doped) glass frit was used as
the front contact electrode. The following experimental results
also confirmed our previous assumption. With an increase of
Ag ion doping content in the glass frit, the performance of solar
cells was enhanced. When 6 wt% Ag ions were doped, the
conversion efficiency of polycrystalline silicon solar cells
reached the highest value of 17.8% (improved 1.9% compared
to traditional Pb-Te-O glass). The enhanced performance was
ascribed to an excellent Ag/Si interface and low contact resistance.
We found that the concentration of Ag nanoparticles remarkably
increased in the interfacial glass layer compared to the glass frit
without Ag ions. In addition, interestingly, we found that the Ag
doped glass frit showed lower glass transition temperature (Ty)
than the traditional Pb-Te-O glass frit, which indicates that the
glass could soften faster and flow to the surface of the SiN, layer.
We assume that it is helpful to uniformly etch the SiN, layer.

To fabricate uniform Ag-doped glass frits, we develop a facile
and effective method. AgNO; with certain mass percentages
(2%, 4%, 6%, 8% and 10%) was dissolved in deionized water.
Next, other metal oxides (PbO, TeO, and Bi,O3) were subse-
quently added to the AgNOj; solution and stirred to mix well
with each other. Then the suspension was dried at 60 °C for
20 min. The obtained solid mixture was put in a furnace and
heated at 1000 °C to melt. Then melt-mixed blends were water-
quenched to room temperature by melt-quenching technology.
Finally, through ball-milling, the fabrication of glass frits was
fully completed. The obtained glass frits are shown in Fig. S1
(ESIT), and their color changes from white to grey and then to
black with the increase of Ag doping content. Firstly, to
determine the reaction product, X-ray diffraction (XRD) of
Ag-doped glass was carried out. Fig. 1a shows the XRD patterns
of six glass frits with different Ag doping content. All the XRD
results of Ag-doped glass frits are similar to traditional
Pb-Te-O glass (0% Ag-glass) in previous reports,>>*® and they
do not have obvious crystal peaks except for the board peak at
28.5°. According to these results, the amorphous nature of the
six glass frits was confirmed. Furthermore, we did not find any
peaks belonging to Ag,O or Ag crystals (Fig. S2, ESIT). This
indicates that an amorphous Ag-doped glass frit was success-
fully synthesized.
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Fig. 1 (a) The XRD patterns of the Ag doped glass frit with different mass
percentages of silver (0—-10 wt%). (b) SEM image of the Ag (6 wt%) doped
glass frit. (c) Corresponding elementary mapping of Pb, Te, Ag, Bi, O and Si.
(d) The XPS spectra of Ag 3d for 6% Ag-glass powder and pure Ag powder.
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In order to further ensure that Ag was fully and uniformly
doped into a glass frit, we performed EDX analysis on the
Ag-doped glass frit. Fig. 1b shows the SEM image of the obtained
Ag-doped glass frit (6% Ag-glass). We can see that Ag-doped glass
frit particles are irregular and the size of the Ag-doped glass frit
particles is about 200 nm-2 um. Fig. 1c shows the corresponding
energy X-ray spectroscopy (EDX) elementary mapping images. It
clearly displays that Pb, Te, Ag, Bi and O evenly distribute in the
Ag-doped glass frit, which implies that Ag is evenly doped into
the glass frit. Moreover, due to the low Ag doping content, the
intensity of the Ag signal was weaker than that of other elements.
Note that the sample was placed on a monocrystalline silicon
wafer for measurement, so the areas without glass frits in the
elementary mapping image were full of silicon signals as shown
in Fig. 1c. The mass percentage of elemental content was gained
based on EDX measurement (Fig. S3, ESIT). The calculated mass
percentage of Ag is 5.7%, which agrees well with the expected
result (6 wt%). This demonstrates that Ag was uniformly and
fully doped into the glass frit.

To further study the state of Ag existing in the glass frit, XPS
spectra were recorded on an Ag-doped glass frit (6% Ag-glass).
As shown in Fig. 1d, the peak of Ag 3d is observed, which
further confirms the existence of Ag. The binding energies of Ag
3ds/, and 3d;, peaks are 368.1 and 374.1 eV, respectively, which
are lower than the values (368.5 and 374.5 eV) of metallic silver.
In addition, Ag 3d peaks broaden in comparison with those of
metal Ag. These results are in good agreement with previously
published XPS data for Ag,0.>**° Ag 3d peaks of Ag,O shift to
lower binding energies than those of metal Ag, which is in
contrast to ordinary metal oxides. Based on the analysis above,
it can be concluded that Ag ions homogeneously exist in the
form of Ag,0 in the glass network.

To investigate the effect of Ag ion doping on thermal proper-
ties of the glass frit, Differential Scanning Calorimetry (DSC)
was performed under an air atmosphere as shown in Fig. 2a.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Performance comparison of solar cells with four different
glass frits
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Fig. 2 (a) The DSC curves of the Ag-doped glass frit with different mass
percentages of silver (0—10 wt%). (b) XPS spectra of Ag 3d for c-Si wafers
with a SiN, layer coated with a thin 6% Ag-glass layer after annealing from
200 °C to 900 °C for 100 s, respectively.

Interestingly, we found that the glass transition temperature
(Ty) and the liquefaction temperature (7Tj pear) Of the Ag-doped
glass frit were lower than those of the undoped glass frit. This
means that Ag-doped glass will soften faster in the sintering
process with a lower temperature (around T = 250 °C), and flow
to the SiN, layer for the etching reaction to take place compared
to the undoped glass frit.

As a glass frit, its main function is to etch passivation and anti-
reflection coating (SiN, layer). So, in order to study the etching
procedure of Ag-doped glass, a simple experiment was designed.
Some c-Si wafers with SiN, layers were coated with a thin 6%-Ag
glass layer, and then these samples were annealed at different
temperatures for 100 s in air, respectively. Next, XPS analysis of
these samples was carried out as shown in Fig. 2b. With the
increase of the annealing temperature, an obvious peak shift of
Ag 3d;), from 368.1 eV to 368.5 eV is observed at 400 °C and the
width of Ag 3d peaks becomes narrow at 400 °C. According to the
previous description about XPS spectra of Ag 3d (Fig. 1d), these
features of Ag 3d peaks should belong to Ag metal. This means that
the etching reaction has already occurred at 400 °C (reaction (2)),
which further confirms our previous inference. Moreover, accord-
ing to the SEM and EDX characterization results of the sample after
annealing at 400 °C for 100 s (Fig. S5, ESIt), occurrence of reaction
(2) at 400 °C can also be determined.

In a typical fabrication procedure of the front contact electrodes,
the as-synthesized glass frit was mixed with Ag powder for 20 min
in a mortar, and then the organic phase was added to the mixture
and mixed using a planetary mixer. Next, the paste was transferred
to a three-roll grinder for further mixing and grinding. Finally the
Ag paste was obtained. All semi-finished c-Si solar cells with SiN,
layers and PN junctions were bought from a factory in Shenzhen.
They were cut into the same size (4 cm x 5 cm) using a laser cutter.
In order to strictly control the silver gridline parameters, gridlines
were printed by a self-designed 3D printing machine.*" Line
spacing was 1.6 mm as shown in Fig. Séa (ESIt). The line width
and height are 90 pm and 80 pm (Fig. Sé6c, ESIT), respectively. Then
the c¢-Si solar cells with printed silver grids were dried in an oven
and sintered in a furnace; the duration of sintering at 960 °C was
about 10 s. Adopting six kinds of glass frits prepared above, we
fabricated six corresponding cells. After the sintering procedure,
the efficiency of c-Si solar cells was measured.

As shown in Fig. S6d (ESIf), J-V characteristic curves
are recorded for six solar cells to evaluate their performance.

This journal is © The Royal Society of Chemistry 2017

Sample Jee (MA cm™2) Vo (V) FF (%) PCE (%) R, (Qcm?)
0% Ag-glass  35.4 0.595 755  15.9 0.945
2% Ag-glass  36.0 0.600 755  16.3 0.733
4% Ag-glass  37.3 0.607 76.4  17.3 0.698
6% Ag-glass  37.2 0.624 76,5  17.8 0.605
8% Ag-glass  37.1 0.615 753  17.2 0.543
10% Ag-glass 36.9 0.601 747  16.6 0.537

Series resistance was calculated through dark j-V characteristic
curves (inset in Fig. S6d, ESIt).>! The details of their perfor-
mance are shown in Table 1. A solar cell with a traditional glass
frit was considered as the reference. Obviously, the perfor-
mance of the cell (6% Ag-glass) was the best. In contrast to
traditional glass frits, the efficiency of the cell was improved
from 15.9% to 17.8%. Although pc-Si solar cells in our experi-
ment are still traditional pc-Si solar cells without rear surface
passivation and some novel light-trapping structures in the
front n-Si layer, the highest efficiency of the cell with Ag-doped
glass frits (17.8%) is much better than the efficiency of pc-Si
solar cells (16.1-17.1%) with traditional structures reported in
other literature reports.***? Its series resistance was remarkably
reduced. In addition, its short-circuit current density ( /), fill
factor (FF) and open voltage (V,.) were also further enhanced.
This indicated that the Ag-doped glass frit is beneficial for
optimization of efficiency. With a further increase of Ag ion
doping content (8% and 10% Ag-glass), the series resistance
was further reduced, but the performance of the solar cell
gradually began to decrease. We speculated that although Ag
ions doped in the glass frit can improve the Ag/Si interface,

8% Ag-glass .1~
pulk Ag : ! bulk Ag

10% Ag-glass

Fig. 3 The cross-sectional view of SEM micrographs of all solar cells:
(a) 0% Ag-glass, (b) 2% Ag-glass, (c) 4% Ag-glass, (d) 6% Ag-glass, (e) 8%
Ag-glass and (f) 10% Ag-glass; the insets display the plane view of SEM
micrographs of the n-Si layer surface underneath Ag gridlines for the
corresponding solar cell.
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Fig. 4 The schematic diagram comparison of the formation of the front
contact electrode using Ag-doped glass frits and traditional glass frits,
respectively, during the sintering procedure.

excess Ag also enhanced the etching reaction which caused the
n-Si layer of c-Si cells to destroy (reaction (4)).'***

In order to prove our previous speculation about efficiency
improvement, cross sections of all solar cells were characterized. As
shown in Fig. 3, the Ag/Si interface could be clearly observed. We
could easily identify Ag nanocrystals in the interfacial glass layer
between n-Si and bulk Ag. Interestingly, we found that the concen-
tration of Ag nanocrystals obviously increased with an increase of
the Ag ion doping content, which was exactly agreeable with the
previous assumption. In the meantime, to see more clearly the
details of the interface, the bulk Ag was removed by immersing
the cells in a 60% HNO; aqueous solution to only retain the inter-
facial glass layer on the n-Si layer. Thus, the plane graph of the glass
layer was obtained (the top left inset in Fig. 3). A comparison of these
planar SEM images also revealed that the c-Si solar cell with the
Ag-doped glass frit formed more Ag crystals in the interfacial glass
layer. These Ag nanocrystals could effectively improve the contact
between bulk Ag and the Si layer. They were important bridges for
the electrons to transfer and cross the interfacial glass layer. The
above observations further explained why cells with Ag-doped glass
have lower series resistance. In addition, we regarded that the lower
glass transition temperature (T) also has a certain contribution
to the improvement of performance. This can soften and reach
the SiN, surface earlier, which will make etching more uniform
and complete. A schematic diagram is shown in Fig. 4, which
clearly illustrated the formation of the front contact electrode
using Ag-doped glass frits and traditional glass frits, respectively,
during the sintering procedure.

In summary, a novel Ag-doped glass frit was successfully fabri-
cated for the first time. Ag ions were uniformly doped in the glass
frit in the form of Ag,0O. Moreover, we found that Ag-doped glass has
a lower glass transition temperature and liquefaction temperature
than traditional glass, which may be advantageous to gain a good
performance during the sintering process of c-Si solar cells and
could reduce energy consumption. When it was applied in the front
contact electrode of c-Si solar cells, a good efficiency was obtained,
which was 1.9% higher than that of the solar cell adopting the
traditional glass frit. It was ascribed to more dense Ag nanocrystals
in the interfacial glass layer, which promoted the formation of good
electrical contact between Ag and the n-Si layer and reduced the
front contact resistance of solar cells. This work may open a new
door for developing novel glass frits for c-Si solar cells.
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