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Abstract

The thermophysical properties of glass in Ag pastes must be controlled to enhance the optimal cell performance. In order to verify the
effect of crystallization of glass on the formation of Ag recrystallites on n™ emitter, several glasses that crystallize with increase in the
firing temperatures were fabricated. The glass transition temperature, crystallization peak temperature, and melting temperature were
determined using a differential thermal analyzer. The crystallization phases of glasses were verified via X-ray diffraction. The
microstructures between the Ag electrodes and Si emitter were characterized by using a scanning electron microscope. The experimental
results indicate that crystallization of glass significantly influence the viscous flow with increasing temperatures, which in turn affects the
interface structures between the Ag electrodes and Si emitter.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ag thick-films have been widely used for the upper side
metallization of Si solar cells. These pastes primarily
consist of Ag powder, glass frits, and vehicles for the
desired rheological properties of the pastes [1]. Although
only a tiny quantity of glass frits has been added to the Ag
paste, these frits enable the connection of the metal film to
the Si wafer during firing. In particular, frits induce the
current paths between the Ag electrodes and Si emitter [2].

The contact formations between Ag and Si with PbO
glass systems have been studied and reported [3]. The
current path from Si to Ag electrode is formed by the
direct interconnection between Ag electrode and Si emitter
[4]. The tunneling between Ag recrystallites is partly
formed in n* emitter and ultra-thin glass layer [5], and
in a multi-step conduction through metal precipitations
such as Ag and Pb in glass layers [6].

To control the interfaces between the Ag electrodes and
Si is a key factor to improve the cell performances. Frits
influence the thickness of glass layers, the distribution of
recrystallites formed on n™ emitter and the penetration
depth of recrystallites into Si, which affects the series
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resistance (R,) and shunt resistance (Ry,) [7,8]. It has been
reported that crystallization of frits occurs at high tem-
perature, which prevents the viscous flows of frits and the
penetration of Ag into Si emitter, which in turn enables the
improvement of the Ry, [9].

However, it is unclear whether crystallization occurs or
not under fast firing conditions. In this study, glasses that
crystallize with increase in the temperature were fabricated
and the crystallization of frits under fast heating rate was
investigated because in the real process the firing used to
fabricate the Si solar cells completes within a few minutes
[10]. In addition, the effects of glass crystallization on Ag-Si
contacts during firing, in a belt furnace, were verified.

2. Experimental procedures

Multi-crystalline Si wafers of dimension 180 um in
thickness and 156 x 156 mm? in size, were used as sub-
strates, and solar cells were fabricated using a rapid
thermal process (RTP). The cell fabrication process con-
sists of acid etching process, which forms texture structures
on both surfaces, and phosphorous diffusion of n-type
Si using a POCI; source on the front surface. Then, it is
followed by edge isolation using plasma etching in a
microwave barrel reactor. After removing the phosphorus
silicate glass in an HF solution, an amorphous silicon
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Table 1
Compositions of glass frits used in this study (in mol%).

Table 2
IV-parameters of each cell with Ag pastes to which different frits
were added.

Glasses PbO  SiO,  ALO; ZnO  R,0+4+RO, Sum
[R=Na, Li, Zr] Glasses Jy [mA/cm?] Voe [V] FF [%] Efficiency [%]

PS1 36.2 35.7 10.8 9.2 8.1 100 PS1 33.97 0.61 74.9 15.6
PS2 36.2 38.0 10.8 9.2 5.8 100 PS2 34.00 0.61 76.3 15.9
PS3 36.2 40.0 10.8 9.2 3.8 100 PS3 34.04 0.61 73.0 15.3
nitride antireflection layer SiN,:H was deposited on the Table 3
front textured Surface. using a Comm.()r.l low frequency DTA results and powder size distribution of each frit.
plasma-enhanced chemical vapor deposition system.

In order to prepare the glass frits, PbO-SiO,-Al,O5—  Glasses ‘T ['Cl  "Toc ['Cl Ty ['Cl Ty ['C]  Toc=T, [C]
Zr{O, R,O and ROz (R—Na, Li and ZF: Aldrich, USA) PS| 447 710 119 169 263
oxide powders with more than 99 % purity (Table 1) were  pg) 459 691 705 767 232
mixed in a ball mill for 12 h. The mixture was then melted  Ps3 476 622 769 X 146

in a Pt crucible at 1300 °C for 30 min and quenched on a
ribbon roll. These glasses were crushed and milled under
wet conditions using a planetary mono mill (Fritsch,
Pulverisette-7, Germany). After wet milling, the distribu-
tion of frit sizes was analyzed using a particle size analyzer
(LS230 & N4PLUS, Coulter Corporation, USA). The glass
transition temperature (7,), the onset temperature of
crystallization (T,.), crystallization peak temperature
(T,c) and peak melting temperature (7},,) were determined
using a differential thermal analyzer (TG-DTA, Rigaku,
Japan) with a heating rate of 10 °C/min. The crystal-
lization phases of frits were verified using a high resolution
X-ray diffractometer (HR-XRD, X PET-PRO MRD,
Japan).

Ag paste consisted of Ag (84 wt%), frits (4 wt%) and
vehicles (12 wt%). The vehicles comprise ethylcellulose, o-
terpineol (C;oH;30), and 2-ethoxyethyl acetate (CcH;,03).
After depositing the pastes on the Si wafer, the Ag paste on
the front and Al paste on the back of the wafer were co-
fired via rapid thermal processing. The Ag bulk and glass
layers were selectively removed using HNO; and HF
solutions, and the interface structures between Ag electro-
des and Si emitter after firing were characterized using
a scanning electron microscope (SEM, Hitachi S-4300,
Japan).

3. Results and discussion

3.1. Electrical properties of cells and thermal
properties of frits

The electrical properties of the cells PS1, PS2 and PS3
with the Ag pastes after firing are shown in Table 2.
Although the open-circuit voltage (V,.) and short-circuit
current (Js.) of all the cells were the same, the fill factor
(FF) of each cell with frits (PS1, PS2, PS3) increased to
76.3 and then decreased to 73.03% (in Table 2). This
phenomenon indicates that the FF was influenced by the
thickness of glass layers between the Ag electrodes and Si,
and by the penetration of the Ag into the pn junction,

x: The melting did not occur up to 800 °C.
T, is the glass transition temperature;
T, is the onset temperature of crystallization;
“Tpe is the crystallization peak temperature;
ClTpm is the peak melting temperature.

which affects the series resistance (R;) and the shunt
resistance (Ryy,) [7,8].

The range of T, for the glass frits was controlled from
447 to 476 °C by changing the ratio of SiO,/(R,0+RO,)
(in Table 3). The crystallization of glasses occurred at 710,
691 and 622 °C respectively with different compositions
(PS1, PS2 and PS3). The glass range, as a glass forming
stability, expressed by the temperatures difference
observed during heating AT=T,.T,, is an indicator for
the degree of reaction between Ag and Si.

When the value of this difference is high (PS1), the
crystallization process is delayed. Although the peak
melting temperature of crystallites in the glasses occurred
at 769 and 767 °C for PS1 and PS2, respectively, the
melting temperature of crystallites was not measured for
PS3, in the range of 700 and 800 °C. The results suggest
that the crystallites occurred in the glass (PS3) with
increasing temperatures and did not melt up to 800 °C.

In addition, the particle sizes of each frit were similarly
controlled in order to prevent size effects on the crystal-
lization of the glass during firing. The mean sizes of the
powders (PS1, PS2 and PS3) were 1.7, 1.9 and 2 um,
respectively.

3.2. Crystallite phase of frits under different heating rates
and microstructures between Ag and Si after firing

The phase of crystallites occurred in the glasses was
identified as PbZnSiO,4, which corresponds to JCPDS No.
74-1127 (Fig. 1). As the heating rate increased from 10 to
600 °C/min, the crystallinity of frits (PS1, PS2) decreased
and the crystallization in the glasses (PS1 and PS2) at
600 °C/min did not occur. These phenomena indicate that
crystallization does not arise from the fast heating rates,
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Fig. 1. XRD results of (a) PS1, (b) PS2 and (c) PS3 frits fired with different
heating rates. The heating was performed at a rate of 10 and 600 °C/min. With
the increase of the heating rates, the crystallization of the glasses was hindered.
The peak firing temperature of glasses was 800 °C.

which delays the nucleus formation and crystal growth.
Furthermore, although the crystallization of PbZnSiOy4
occurred in glasses (PS1 and PS2) during firing, the

crystallites would melt around the peak melting tempera-
tures (769 and 767 °C) as seen in Table 3.

Although the frits (PS3) were fired under a heating rate
of 600 °C/min., the crystallization of the PbZnSiO, in the
glass occurred due to the melting temperature being above
800 °C. These results are in agreement with the experi-
mental studies in the lead glass system (PbO-ZnO-B,O;—
Si0,) that Zhang et al. studied [11]. It is considered that

Ag electrod

S1 wafer

Fig. 2. Cross-sectional SEM images between Ag electrodes and Si wafer
with (a) PS1, (b) PS2 and (c) PS3 in Ag pastes after firing. The firing was
conducted in a belt furnace within 1 min. at a peak temperature of 800 °C.
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the crystallization of PbZnSiO,4 in the glass under fast
firing would occur as follows:

PbO (in glass) + ZnO (in glass) +SiO,(in glass)
— PbZnSiOy4(crystallites) (1)

Fig. 2 shows the cross-sectional SEM images between
the Ag electrodes and Si with the different frits (PS1, PS2
and PS3) in the Ag pastes after firing. The interface
structures of the Ag electrodes/glass layers/recrystallites

P

X
;.. o
| Recrystallites A

-

L

Fig. 3. Surface SEM images of recrystallites formed on the nt emitter
with (a) PS1, (b) PS2 and (c) PS3 after removing Ag electrodes and glass
layers. The residue (in Fig. 3c) indicates the glass ceramics.

penetrated into the Si wafer were formed with PS1 and PS2
(Fig. 2).

The glass layers and recrystallites between the Ag
electrodes and Si were measured with PS1 and PS2
(Fig. 2(a) and (b), respectively), but were difficult to detect
with PS3 (Fig. 2(c)). The recrystallites were formed on the
Si wafer as shown Fig. 3 after the Ag electrodes and glass
layers were removed. The number of recrystallites formed
on the n* emitter decreased from 426 to 84 with the
different frits (PS1, PS2 and PS3) in the area of 114 pm?.

Fig. 4. Surface SEM images of pits formed into Si wafer with (a) PSI,
(b) PS2 and (c) PS3 after removing recrystallites.
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Fig. 5. (a) Cross-sectional STEM Z-contrast image and corresponding
EDX compositional maps for (b) Ag, (c) Pb (d) O, (¢) N and (f) Si atoms
taken from the Ag contact on textured Si solar cells with PS1.

The maximum recrystallite size was also reduced from 0.62
to 0.04 um? (Fig. 3(a)—(c)).

Many pits remained in the Si wafer after removing
recrystallites penetrated into Si (Fig. 4). The size and
number of the pits in the Si decreased in order of the
PS1, PS2 and PS3 frits.

The reactions between the Ag, frits and Si would be
hindered with the crystallization in glass during firing,
which is resulted from a small AT (Table 3). The recrys-
tallites penetrated into Si were verified as Ag using the
STEM results with the PS1 in the Ag pastes after firing
as shown in Fig. 5. EDX mapping clearly resolved the
elemental distribution in the sample. The numerous Ag
recrystallites were embedded in the glass layers and
penetrated into the Si emitter. Furthermore, it is consid-
ered that the detection of N (as in Fig. 4(e)) would be
attributed the redox reaction [12]:

2PbO (in glass) + SiNs) — 2Pbg) +SiOa(in glass)+x /2Ny
(2)

These results agree well with the previous results in
which the PbO glasses were added to Ag pastes [5,13].

PbO frit

Ag powder

Ag sintering and viscous flow
of frits begin.

Mixtures of PbO frit and Ag

powder
]

During heating process:
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e Ag
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frits and Si are hindered. between Ag electrodes and Si

Fig. 6. Schematic diagram of Ag-Si contacts with the formation of
crystallization in glass during firing.

The formation of Ag recrystallites would be influenced
by the crystallization in the glass during firing. These
phenomena can be explained using the schematic diagram
in Fig. 6. The sintering of Ag powders began during the
firing at low temperatures and the frits wet the surface
of SiN, layers with their viscous flows. A redox reaction
between the PbO in the molten glass and SiN, occur and
Ag dissolved in the glass at high temperatures and
penetrated the Si emitter [3]. However, the crystallization
in the glass in the high temperature region hindered the
dissolution of the Ag in glass with the high viscosity of
frits, which resulted from the PbZnSiOy, crystallites in the
glass matrix during firing (Fig. 6). Therefore, the crystal-
lization in glass during firing can affect the formation and
penetration of Ag on and into Si emitters. A higher
crystallinity in the glass would have an adverse effect on
the electrical properties of the cells (Table 2).

In summary, it is expected that the current paths of
electrons from n* emitter to Ag electrons would be
through the thin glass/partly formed Ag recrystallites
penetrated into n™ emitter and the tunneling via metal
precipitates such as Ag as shown in Fig. 7 [5,6].

However, it is believed that the glass ceramics formed in
glass layers during firing can hinder the flow of electrons to
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2 Tunneling via
metal precipitates

Glass ceramic hinders the moving
ofelectrons to Ag electrodes.

SiNylayers .+ emitter

p-base

Fig. 7. Schematic diagram of Ag-Si contacts with the formation of
crystallization in glass during firing.

Ag electrodes thus degrades FF, which is attributed to the
series resistance (Rj).

4. Conclusion

The effects of crystallization in the glass (PbO-ZnO—
Al,03-S10,) during firing on the contacts of Ag—Si were
studied. The nano-sized Ag recrystallites and the small
sized pits were developed on the Si emitter with the
crystallization in glass. The glass-ceramic (PbZnSiOy)
between the Ag electrodes and Si wafer were produced,
which is attributed to the crystallization in the glass during
firing. The crystallization of glass prevents the viscous
flows of frits and the penetration of Ag into the Si emitter.
We propose that the crystallization in glass interrupts the
move of electrons from Si to Ag electrodes and degrades
the cell performances.
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