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In this paper, the effects of particle size difference of aluminum (Al) powder on physical properties of Al powder and sintering
properties of Al paste were investigated. For this purpose, respectively, Al powders with four mean particle sizes were used,
which were obtained by two classifications using the same nitrogen atomization process. Thermal analysis results showed that
the smaller the Al particle size, the lower the oxidation temperature and the higher the reaction enthalpy, indicating higher
reactivity of the Al powder. Four Al powders were prepared into Al paste by the same process, and the resistances of the paste
increased with the decrease of the particle size of the aluminum powder. Electrochemical capacitance-voltage profiler (ECV)
and scanning electron microscope (SEM) analysis showed that the smaller the Al particle size, the thicker the back surface field
(BSF) and the higher the doping concentration of BSF. It was found that the smaller size of Al powder limited the migration of
silicon, which resulted in higher concentration of silicon (Si) in the Al-Si liquid phase. This leads to reaching a balance at a
higher temperature between the recrystallization of silicon from the alloy liquid and the dissolution of silicon in the liquid
alloy and a higher doping concentration and a higher effective BSF doping thickness. Results of the study will provide
reference for further study and application of Al paste.

1. Introduction

In crystalline silicon solar cell aluminum (Al) paste, Al pow-
der is more than 70wt% and has the decisive influence to the
performance of the Al paste. The contact resistance of Al
paste between the p+ electrodes strongly was decreased for
higher Al content in the paste [1]. The particle size of Al
powder also strongly affects the electrical characteristics of
Al paste. An investigation on the effects of particle size of
Al powder in silver/Al paste on n-type solar cells showed
that the contact resistance decreases with increasing the par-
ticle size of the powder. In addition, the optimization of the
particle size of Al powder can effectively increase efficiency
of the cells [2]. Another study showed that only larger Al
particles can be totally filled with silicon (Si), and this is
explained by the lower internal pressure of the larger parti-
cles compared with the smaller ones [3]. Many experiments
showed that applied Al nanoparticles enhance the perfor-
mance of crystalline solar cell [4–6]. Rassekh et al. [7]

showed how different shapes of Al nanoparticles affect
absorption enhancement in silicon thin-film solar cells.

Figure 1 is a typical scanning electron microscope (SEM)
diagram of back surface field (BSF) formed by Al paste sin-
tering. It could be seen from Figure 1 that the Al powder did
not melt completely in the sintering process, and an obvious
Al doped P+ layer was formed.

As we all know, when the sintering temperature
increases to 300°C, silicon at the Al-Si interface starts to dis-
solve into Al; when the sintering temperature reaches the
eutectic temperature (577°C), Al-Si alloy liquid phase is gen-
erated at the Al-Si interface [8]. As the temperature further
rises, the Al-Si alloy liquid phase and the proportion of sili-
con element in the liquid phase both increase. In the process
of forming Al-Si liquid phase, Si and Al thermal are diffused
into each other, Si migrated rapidly in the Al layer, and Al is
doped in the Si matrix [9, 10]. In the process of cooling, the
thermal diffusion of Al and the recrystallization of Si jointly
formed a heavily doped P+ layer. When the temperature is
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below 577°C, Al-Si liquid phase is cured to form Al-Si alloy
layers [11, 12].

In the sintering and cooling process, the Al powder has
an oxide film on its surface, which is further oxidized and
thickened with the temperature increasing. So even if the
temperature rises above 660°C, the Al powder will not be
melted completely. In the study conducted by Liu et al.
[13], the effects of melted glass and temperature on the alu-
minum oxide film were studied. Their results showed the
oxide film of the aluminum powder effected conductive con-
tact points (surfaces) which are formed at the interface
between the aluminum powder particles. Zanesco et al.
[14] presented the influence of Al paste surface density on
the electrical parameters of silicon solar cells; however, the
related effects of Al powder are not mentioned.

The formation mechanism of Al-Si contact [15–19] and
the influence of Al BSF on cell performance have been thor-
oughly studied [20–22]. However, relevant researches were
mostly focused on the changes in cell performance caused
by paste [23–25]. Each of these phenomena needs to be
investigated, particularly how each may be impacted by the
parameters of the Al powder.

A review of the literatures shows that no systematic
study has been conducted about the particle size of Al pow-
der on sintering properties of Al paste. Therefore, in this
study, the effects of the Al powder particle size on physical
properties of Al powder, the resistivity and microstructure
of Al paste, and the Al-Si contact during Al paste sintering
will be investigated. For this purpose, four Al powders of
different particle sizes were chosen and the four Al paste
samples were prepared with the same formula as research
samples.

2. Experimental

2.1. Al Powder. The Al powder used was provided by Hunan
Goldsky Aluminum Industry High-Tech Co., Ltd., and the
series Al powders were prepared by nitrogen atomization.
The general process of nitrogen atomization includes Al
ingot melting, powder atomization, and Al powder classifi-
cation and packing, which are all done under nitrogen pro-
tection. Here, four Al powder samples with particle sizes
from small to large were identified as PS3, PS5, PS7, and

PS9 were selected (the physical properties of four Al powder
samples are listed in Table 1).

2.2. Paste Preparation. The four Al paste samples were iden-
tified as PSP3, PSP5, PSP7, and PSP9 and prepared with the
same formula. The formula composition is shown in
Table 2. The same kinds of glass frit, additive, and organic
vehicle (solution of ethyl cellulose in solvent) were mixed
with different Al powders and the ratio of Al powder/vehi-
cle/frit/additive was 76.05/22.0/1.5/0.45. The pastes were
prepared and homogenized on a standard stirring and a
three roll mill (EXAKT 80E).

2.3. Printing and Sintering. The four Al pastes were screen
printed through a stainless steel stencil (mesh no. 280, wire
diameter 23μm, thickness 45μm, and tension 28N) on an
alumina substrate and a mono-Si wafer using a printer
(AT-60PD, Dongyuan Machinery Manufacturing Co.,
Ltd.). The printing was carried out at the optimized snap-
off between stencil and substrate; then pressure and speed
were applied to the roller on the stencil in order to obtain
a wet film roughly 30μm thick. These wet films were dried
at 200°C in an infrared drying oven for 1min and then sin-
tered in BTU 609 infrared tunnel furnace. The sintering
curve is shown in Figure 2.

2.4. Property Characterization. The particle size and particle
size distribution of the four Al powders were tested by laser
particle size instrument (Malvin Company, Model Company
2000). The oxygen content of Al powder was tested by oxy-
gen nitrogen hydrogen analyzer (Steel Yanak 3000). The
specific surface area of Al powder was tested by BET mea-
surements (Biaoda Company, Model SSA-4000). The ther-
mal behavior of Al powder was analyzed by a synchronous
thermal analyzer (STA) (NETZSCH Company, Model
STA449F3). A four-probe square resistance tester (Suzhou
Lattice Company, Model ST2253-F01) was used to mea-
sure the square resistance of Al layer. A scanning electron
microscope and an energy disperse spectrometer (Zeiss
Gemini Company, Model SEM300) were used to observe
the morphology of Al film, thickness of BSF layer, and ele-
ment composition of Al film. The doping concentration
and depth of the Al paste were measured by electrochem-
ical capacitance-voltage profiler (ECV) (WEP Company,
Model CVP21).

3. Results and Discussion

3.1. Effect of Particle Size Difference on Properties of Al
Powder. Al is a highly reactive amphoteric metal with an
oxide layer on the surface. In the process of atomizing Al
powder, the thickness and compactness of the oxide layer
on the surface of Al powder were adjusted by the volume
percentage of oxygen in nitrogen and the insulation temper-
ature of Al liquid. PS3, PS5, PS7, and PS9 were series Al
powders with different particle sizes obtained by the same
nitrogen atomization process (the volume percentage of oxy-
gen in nitrogen was 0.35%, and the insulation temperature
of liquid Al was 885°C). The results of series Al powder
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Figure 1: SEM image of BSF formed by Al paste sintering.
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particle size, specific surface area, and oxygen content are
shown in Table 1.

Generally, the smaller the particle size of the powder, the
larger the specific surface area, and the greater the surface
energy, the greater the physical and chemical reactivity.
Therefore, for the four Al powders, we often believed that
the oxide layer formed on the surface of Al powder was
thicker than that of the larger Al powder. The results in
Table 1 shows that both the specific surface area and oxygen
content of the four Al powders decreased with the increasing
particle size. Further, the relationship between the oxygen
content and the surface area of the Al powder is shown in
Figure 3. The R value of linear fitting was 0.99 calculated
from Figure 3, which shows a good linear correlation. The
results indicated that the thickness of oxide layer with
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Figure 4: The DSC curve of different Al powder.
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Figure 3: Relation between oxygen content and specific surface
area of Al powder with different particle sizes.
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Figure 2: Sintering curve of sintering furnace.

Table 1: Particle size, specific surface area, and oxygen content of different aluminum powder.

Particle size
Specific surface area (m2/kg) Oxygen content (%)

D10 (μm) D50 (μm) D90 (μm) Span

PS3 1.83 3.95 6.88 1.079 682 0.523

PS5 3.35 5.02 7.41 0.808 475 0.431

PS7 5.08 8.07 12.54 0.925 301 0.371

PS9 6.62 10.10 15.06 0.835 238 0.327

Table 2: Aluminum paste composition.

Samples
Aluminum powder

Glass frit Ethyl cellulose Solvent Additive
PS3 PS5 PS7 PS9

PSP3 76.05 1.5 2.0 20.0 0.45

PSP5 76.05 1.5 2.0 20.0 0.45

PSP7 76.05 1.5 2.0 20.0 0.45

PSP9 76.05 1.5 2.0 20.0 0.45
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different Al powder particle sizes was basically the same in
the same nitrogen atomization process.

In practice, Al paste was sintered in air atmosphere, so
we used the method of thermal analysis to study the perfor-
mance change of Al powder heated in air atmosphere.
Figure 4 shows the DSC curves of the four Al powders (the
test condition was air atmosphere, heating rate of 20°C/
min). It can be seen from Figure 4 that Al powder of each
particle size had an exothermic peak and an endothermic
peak, and the corresponding peak temperature parameters
are listed in Table 3. Obviously, the exothermic process in
DSC corresponded to the oxidation process of Al powder.
Combined with the characteristic temperature in Table 3,
the initial temperature and peak temperature of the exother-
mic peak both increased with the increasing particle size of
Al powder; that is, the smaller the particle size of Al powder,
the lower the temperature of oxidation reaction. The initial
oxidation temperature and peak temperature of Al powder
were defined as the sintering activity temperature of Al pow-

der. Combined with the characteristic that the exothermal
enthalpy increased with decreasing Al powder particle size,
it could be confirmed that the sintering activity of Al powder
was increased with decreasing Al powder particle size. We
believed that this sintering activity was mainly related to
the specific surface area of Al powder. The larger the specific
surface area of Al powder, the larger the heat conduction
area per unit weight, and the shorter the time required for
heat equilibrium under the same heating conditions, the
lower the oxidation reaction temperature of Al powder.

As can be seen from Table 3, the endothermic peak
shapes of the four Al powders were basically the same, the
peak temperature of each Al powder was around 664°C.
The endothermic process was corresponded to Al powder
melting.

Figure 5(a) shows the TGA (thermogravimetric analysis)
curve of the four Al powders. The test atmosphere was air,
and the heating rate was 20°C/min. As can be seen from
the Figure 5(a), the four Al powders showed slight weight
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Figure 5: (a) TG curve of four Al powders and (b) relation diagram of thermal weight gain and specific surface area of Al powders.

Table 4: The resistivity of four aluminum pastes printed on different substrates.

PSP3 PSP5 PSP7 PSP9

Alumina substrate 1:70 × 10−5 1:52 × 10−5 1:21 × 10−5 1:04 × 10−5

Monocrystalline silicon 2:21 × 10−5 2:04 × 10−5 1:75 × 10−5 1:66 × 10−5

Table 3: DSC temperature parameters of different aluminum powder.

The initial exothermic
temperature (°C)

The exothermic peak
temperature (°C)

Exothermic enthalpy (J·g-1) The endothermic peak
temperature (°C)

PS3 587.9 632.2 376.2 664.5

PS5 596.2 633.9 255.8 663.9

PS7 599.9 636.7 172.5 664.1

PS9 604.4 638.6 123.7 663.6
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loss at the initial stage and weight increase after reaching a
certain temperature. The slight weight loss could be attrib-
uted to the certain moisture absorption on the surface of
the Al powder, which was gradually volatilized during heat-
ing. After heating to a certain temperature, the weight
increases could be attributed to the oxidation of the surface
of the aluminum powder, which was consistent with the
DSC exothermic process.

The weight gain ratios of each Al powder from the tem-
perature of maximum loss point to 664°C on the TGA curve
were calculated, which corresponded to the oxidation of Al
powder during heating. The specific surface areas were plot-
ted according to the weight increase ratios of the four Al
powders, as shown in Figure 5(b). The R value of linear fit-
ting was 0.992 calculated from Figure 5(b), which showed
that the oxidation ratios of four Al powders during heating
were all linearly correlated with their specific surface areas.
The results showed that the surface of Al powders with dif-
ferent particle sizes in the same atomization process would
be further oxidized during heating in air, and the increases
of oxide layer thickness were not affected by the particle size.

3.2. Effect of Particle Size of Al Powder on Sintering Property
of Al Paste. The Al pastes prepared by the four Al powders
were printed on alumina ceramic substrate and mono-Si
wafer, respectively. After drying and sintering the four
pastes, the square resistance and the Al film thickness were
measured; then the resistivity was calculated and is listed
in Table 4.

Two trends could been seen in Table 4:

(1) The resistivity of the Al paste on alumina substrate
was less than that on mono-Si wafer, respectively.
On the alumina ceramic substrate, during the sinter-
ing process, when the temperature was risen above
the melting temperature of Al, the liquid Al
appeared in Al particles. Then, under the action of

glass powder corrosion and internal pressure, the
liquid Al broke through the surface oxide layers to
achieve the mutual bonding between Al powder par-
ticles, while, as discussed above, on the mono-Si
wafer substrate, during the sintering process, when
the temperature was risen above 300°C, the silicon
was dissolved in the Al powder. Then, when the tem-
perature was risen above 577°C, Al-silicon eutectic
was formed on the interface. Finally, as the tempera-
ture was risen further above the melting temperature
of Al, the liquid Al broke through the surface oxide
layer. Thus, on the mono-Si wafer substrate, the Al
particles were bonded to each other by Al-silicon
alloy liquid phase, and the resistivity of Al was
increased with increasing silicon content.

(2) On both the alumina ceramic substrate and mono-Si
wafer, the resistivity of the pastes was decreased with
increasing the size of Al powder. Balucani et al. [3]
believed that this phenomenon was mainly caused
by the fact that Al powder with larger particle size
could absorb more silicon and the difference in the
curvature radius of Al powders. However, according
to the sintering characteristics of Al powder, because
the Al powder with smaller particle size began to be
oxidize at a lower temperature, it was believed that in
the rapid sintering process, the further oxidation
degree of the Al powder with small particle size
was greater than that with large particle size, so the
resistivity of the corresponding Al paste was greater.
In order to verify the effect of oxygen content on the
resistivity, we divided the same Al powder into two
parts, one part was directly made into Al paste, and
the other part was made into Al paste after increas-
ing oxygen content by thermal oxidation. The exper-
imental results showed that the resistivity of Al paste
was increased significantly with the increasing the
oxygen content.

Diluted hydrochloric acid was used to remove and clean
the Al layer on the mono-Si wafer for an ECV test. The ECV
curves of the four Al pastes are shown in Figure 6. It could
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be seen that the four Al pastes were effectively doped with
silicon, and the bulk doping concentration of mono-Si wafer
was 3 × 1016 cm−3; the doping depth of the four Al paste had
little difference. However, the highest doping concentrations
of the Al pastes were decreasing with increasing Al particle
size, indicating that the smaller Al particles contributed to
the increase of BSF doping concentration. According to
Kwang Su Choe’s simulation, when the BSF doping concen-
tration was lower than 1 × 1018 cm−3, the cell efficiency
increased with the increase of doping concentration. When
the BSF doping concentration reached 1 × 1018 cm−3 and
above, the cell efficiency was mainly affected by the thickness
of BSF, and the thicker BSF, the higher the cell efficiency
[26]. Therefore, if the effective BSF thickness is defined as
the thickness with the doping concentration of 1 × 1018 c
m−3 and above, it could be seen from the Figure 6 that the

effective BSF thickness of the Al paste became thinner with
the increase of the Al particle size.

It is known that BSF is formed by thermal diffusion of Al
and recrystallization of silicon from Al-Si alloy liquid [27,
28]. In the process of appearing Al-Si alloy liquid phase to
the highest temperature, BSF was mainly formed by thermal
diffusion of Al, and the recrystallization rate was less than
the dissolution rate and migration rate of silicon from wafer.
When it reached the maximum temperature and began to
cool, both the thermal diffusion rate and the doping concen-
tration of Al reached the maximum and began to decrease,
and the proportion of silicon in the liquid Al-Si alloy
reached the maximum.

If the maximum doping concentration in BSF was deter-
mined by the thermal diffusion process of Al, then, the max-
imum doping concentration of BSF formed by the four Al
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Figure 8: Sintering appearance and element distribution of the Al paste.
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pastes under the same sintering process should be about
the same; however, this is not the case at all. The results
showed that the maximum doping concentration of BSF
was determined by the recrystallization process of silicon.
Therefore, we believed that in the Al paste sintering pro-
cess, when the recrystallization rate of silicon exceeded
the dissolution and migration rate of silicon, the concen-
tration of BSF reached the highest. However, this point
was not the highest temperature, but when it cooled to a
certain temperature, the proportion of silicon in the liquid
phase of Al-Si alloy reached the equilibrium point of solid-
liquid phase separation line in the Al-Si phase diagram, as
shown in Figure 7. Figure 7 shows the Al-Si phase dia-
gram. AB was the solid-liquid phase separation line. Take
point C on the AB line as an example; the proportion of
silicon in the Al-silicon alloy liquid phase was defined as
Wc. When the temperature fell below Tc, Si was recrystal-
lized from the alloy liquid. Therefore, the temperature of
recrystallization was dependent on the concentration of
Si in the Al-Si liquid alloy.

Above all, the characteristics of Al paste sintering to
form BSF in this study were as follows: (1) the total thickness
of BSF was determined by the thermal diffusion of Al, and
the effective thickness and highest doping concentration of
BSF were determined by the recrystallization temperature
of silicon; (2) the smaller size of Al powder limited the
migration of silicon, which resulted in higher concentration
of silicon in the Al-Si liquid phase, which led to reaching a
balance at a higher temperature between the recrystallization
of silicon from the alloy liquid and the dissolution of silicon
in the liquid alloy and having higher doping concentration
and higher effective BSF doping thickness.

In order to further verify our views, we printed the four
Al pastes on the mono-Si wafer, respectively, whose surfaces
were passivated by alumina and SiNx film and opened by
laser. The appearance pictures after drying and sintering
are shown in Figure 8. The comparison of PSP3 with the
smallest particle size and PSP9 with the largest particle size
is shown in Figure 8.

Figure 8 shows that the laser opening area on the surface
of the Al layer was darker, while the nonlaser opening area
was lighter. SEM and energy spectrum were used to carry
out element surface scanning analysis on the dark color area
and light color area, respectively. A large amount of silicon
was found in the dark color area, while very little silicon
was found in the light color area. The contrast between
PSP3 and PSP9 in Figure 8 showed that silicon was entered
into Al particles and migrated rapidly in the sintering pro-
cess, but the migration distance was affected by the particle
size of Al powder. The larger the particle size of Al powder,
the farther the migration distance of silicon.

In addition, we used SEM to measure the thickness of
BSF formed by the sintering of four Al pastes at the laser
opening, as shown in Figure 9. It was observed from
Figure 9 that the thickness of BSF was increased with the
decrease of Al particle size. These experimental results were
in good agreement with our understanding of BSF formed
by Al paste sintering, which will help to guide the develop-
ment of Al paste for various crystalline silicon solar cells.

4. Conclusions

Al powder plays a decisive role in the performance of Al
paste in crystalline silicon solar cell Al paste. Therefore, the
Al powder particle size and the physical properties could
have a great influences on the resistivity and microstructure
of Al paste and the Al-Si contact during Al paste sintering.
For this purpose, four Al powders of different particle sizes
were chosen and the four Al paste samples were prepared
with the same formula as research samples.

The results can be summarized as follows.
The oxygen content and specific surface area of these Al

powders were both increased with the decrease of particle
sizes, and the surface oxide layer thickness of four Al pow-
ders with different particle sizes was basically the same. Al
particle size mainly affected the thermal oxidation reaction
temperature and reaction speed, and the degree of oxidation
reaction was only related to specific surface area.

The resistivity of the series of Al paste was decreased
with the increase of the size of the Al powder. Due to the
involvement of silicon in the sintering process of Al paste,
the resistivity of Al paste on the mono-Si wafer was greater
than that on the alumina substrate.

The smaller the particle size of Al powder, the thicker the
effective BSF, and the higher the doping concentration of
BSF. These are attributed to the smaller size of Al powder
limited the migration of silicon, which resulted in higher
concentration of silicon in the Al-Si liquid phase.
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