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ABSTRACT
The rear surface passivation by a localized dielectric layer for high efﬁciency silicon solar cells
has signiﬁcant advantages compared with the standard fully covered metal back-contact structure. In
this study, partial borosilicate glass (BSG) layer used as rear dielectric passivation of localized back
contacts was taken advantage for a local back surface field (LBSF) solar cell, while typically it has been
removed after thermal diffusion process finished. A simplified flash foam stamping technique has been
initially exploited in the single-step process to pattern a localized back BSG passivation. These low
cost, simple technique and scalable process have to be considered promising in the high efficiency of
commercial solar cells. Acid stamp narrowly removes BSG in order to open the contact area between
metal and p-Si substrate. The aperture ratio of the BSG pattern is varied from 5 - 20%. The LBSF
solar cell with a localized back BSG passivation showed an increase in open voltage, fill factor and
power conversion efficiency by 4.88%, 1.43%, and 0.67%, respectively, compared to a sample without
LBSF layer. Therefore, this non-complex process using flash foam stamp is an alternative production
procedure to have co-operated effectively with solar cell industrial production for power efficiency
improvement.
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1. INTRODUCTION

In recent years, the rear dielectric passivation
layer has been being used in industrial solar cells to
increase cell efficiency [1]. The various dielectric
passivation layers such as SiO2 [2], thermal a-Si:H/
SiNx stack [3], SiO2/SiNx:H stacks [4], Al2O3/
SiNx stack [5] or atomic layer deposition Al2O3

[6] have been promising candidates. A method
of the screen-printed Al paste through openings
in the dielectric passivation layer is desirable to
passivate the contacts by a local back surface
field (LBSF) for the minimization of rear surface
recombination [7-9]. The dielectric passivation layer
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has to be locally removed before the Al screen
printing by laser technique [10-12] or etching
paste [13, 14]. These methods for forming and
locally removing a dielectric passivation layer
are high power consumption and complexity.
Currently, flash foam stamp is already widely used
to fabricate many types of stamps and cost less
than $0.2/each. The fabrication cost is negligible
compared to other methods if it can be used
micro-fabrication. Thus, for locally dielectric
passivation layer accomplishment, the other lowcost techniques have been continuously invented.
Flash foam sheet, also called as a photosensitive
seal, is a type of ultra-micro porous materials,
typically made of polyethylene, which has been
invented since the 1990s. When a flash foam is
exposed to an intense flashlight, the micro-porous
surface of flash foam will be sealed. A designed
light-protection mask on top of the flash foam
is exposed, transferring the pattern to the flash
foam. The liquid can be absorbed and stored in
the porous foam and then transferred by stamping
onto the sample surface [15]. This is an alternative
method based on uncomplicated procedure and
low-cost technique to be required a high potential
for commercial solar cell production. This research

(a)

presents a study on the influence of the aperture
ratio of the patterned dielectric film with using
flash foam stamp technique.
In this work, the influence of an LBSF layer
of the crystalline silicon solar cells has been
investigated by using the borosilicate glass (BSG)
layer as a rear dielectric passivation of localized
contact. Moreover, the effect of the rear contact
patterns on the quality of the Al-alloyed LBSF are
implemented. A simplified flash foam stamping
technique has been initially exploited for patterning
a localized rear BSG passivation in a single-step
process. This simple appliance was developed inhouse to create the patterned BSG film, consisting
of a light-protection mask, a flash foam sheet,
a flashlight source and a semi-automatic stamp
machine as shown in Figure 1(a) and (b).
The line-pattern width of local back contact
area on the rear-side wafer was imaged by ZEISS
Light microscope. Thickness and refractive index
of BSG dielectric passivation layer were measured
by SE400advanced ellipsometer. The cross-section
images were obtained by JEOL-6010LV scanning
electron microscopy (SEM). The cell was internally
measured under a 1 sun intensity (AM 1.5G) by
Solar simulator model #SS100AAA.

(b)

Figure 1. Flash machine (a) and semi-automatic stamp machine (b).
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2. MATERIALS AND METHODS

In this study, p-type poly-crystalline silicon
wafers with a resistivity of 1-3 Ω-cm were used
for LBSF solar cell fabrication. The samples were
fabricated with the cell size of 3cm × 3cm and
200 μm thickness. The cell preparation steps are
shown in Figure 2. Si substrates were textured by
HF5% etching and RCA (the Radio Corporation
of American) wafer clean.
The H3PO4 solution as phosphorus silicate
dopant precursor in a thermal diffusion process
was prepared by the sol-gel method for diffusing
and becoming an n-Si emitter layer. The H3PO4
solution consisting of TEOS, H2O, EtOH, and
H3PO4 with a mole fraction of 0.022: 0.556:
0.026: 0.012, respectively were stirred at 70°C
for 60 minutes. The H3PO4 solution was spun
on the front side of wafers at two-speed steps
at 1000 rpm for 10 seconds and 3500 rpm for
30 seconds, respectively. The phosphorus silicate
layers as a dopant layer were coated on p-Si
wafers under diffusion operation at 1000°C for
60 minutes. The high-treatment acts as a thermal
diffusion temperature to drive the phosphorus
dopants into the p-Si substrate in order to form
the shallow n-Si layer on the p-Si wafer. Thus, n/p
Si junction is able to perform by spin-on dopant
technique. However, the phosphosilicate glass
(PSG) and borosilicate glass (BSG) were formed
inevitably at the front and rear wafer, respectively.
In general, both PSG and BSG as residue layers are
removed in the commercial solar manufacturing
process but in this work, the BSG layer will be
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remained to take advantage as a dielectric layer
of LBSF solar cell.
In the fabrication process of flash foam
pattern, a mask with a line pattern on top of the
flash foam is exposed, transferring the pattern to
the flash foam to create a flash foam stamp. The
acid of HF10% solution is stored in the porous
flash foam and then stamped onto the BSG layer
through the unsealed surface area. After the sample
was rinsed with DI water, the groove pattern of
BSG film was achieved in the rear side opening
for using in the next process step as illustrated
in Figure 2. Thus, flash foam stamps are more
convenient than traditional hard stamps due to
their high resolution and inkpad-free stamping
process. Ag grid contacts at the front side and
fully Al contacts at the rear side of the sample
were metalized by a screen printing method. After
this process, the co-firing process to improve
metal-Si interface was done at 915°C.
3. R ESULTS AND DISCUSSION

After the intense burst of light on the flash
foam sheet, it will seal the non-printing area of the
mask. In finally the flash foam stamp was achieved
with micro-structures, as shown in Figure 3(a)(c). It shows that the flash foam stamp pattern
composed of 2 different surface morphology
areas: porous area and sealed area.
The porous area as an opening has the width
size of fewer than 20 μm, which allows the acid
solution flowing though. The acid solution was
stamped onto BSG film by flowing though the

Figure 2. LBSF solar cell preparation steps by using the flash foam stamp method
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Figure 3. Surface morphology of flash foam stamp (a), magnified image (b) and SEM image (c).

Figure 4. Micro-groove structures with different stamping time for 1 minute (a), 2 minutes (b).

patterned flash foam stamp. Figure 4 shows the
shape of line-pattern width with a different stamping
time between 1-2 minutes at a fixed quantity of
HF10% of 100 μL. It is found that there is no
clarity of BSG openings for stamping time of
1 minute as imaged in Figure 4(a), whereas the clarity
of BSG openings is achieved for stamping time
of 2 minutes as imaged in Figure 4(b). Although
multi-scale structures are usually found in nature
of flash foam stamp technique, its direct process
is very simple such as reduction of the number of
steps or substitution of the photolithography by
laser ablation to pattern the junction, additional
simpliﬁcations in the diffusion process could be
also implemented.

Kim J. et al., revealed that a ratio of the area
was occupied by a plurality of openings formed
in the rear surface dielectric layer (Aperture ratio)
between 2-16%. The aperture ratio influences
the open-circuit voltage (Voc) and fill factor (FF)
values of BSF solar cell [10]. Thus, the aperture
ratio between 5-20% is interested in this work at
fixed line-pattern width of 100 µm as shown the
different patterns in Figure 5.
As shown in Figure 6, it is found that an
average width of 112 µm of the line pattern
opening provides the width error below 12%
compared with the designed pattern by using CAD
software due to the shrinkage of the exposed area
with a concave pattern which causes the error.
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Figure 5. Micro-groove structures with different aperture ratio at 5% (a), 10% (b), 15% (c) and 20% (d).
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Figure 6. Line pattern opening width depending on the aperture ratio.
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However, the error width can be compensated
for the flash foam stamp by designing the mask
pattern size. It is found that when the aperture
ratio value increases, provide a decrease of a gap
due to the spread outside of acid vapors, causing
the reduction of BSG film thickness as shown
in Figure 7.
After the preparation of BSF pattern was
completed, LBSF solar cells were fabricated with
the different aperture ratios of 5 – 20% and then
the electrical characteristics and power conversion
efficiency of the LBSF solar cells were verified.
Figure 8. shows the open-circuit voltage
(Voc) and Fill factor (FF) of the samples with the
different aperture ratios from 5% to 20% with
the same opening width at 100 μm. It is found
that both Voc and FF increase with the aperture
ratio value increases by 4.88%, 1.43%, respectively
compared to a sample with fully Al-BSF. It is due
to that back contacts area with the existence of
Al alloys covering the wider BSF grooved layer
results in an increase in the chance of Al alloy
penetration into the silicon substrate and finally,
the contact resistivity of the sample is reduced

[13, 14]. According to a study by Urrejola E. et
al., they revealed that the interface formation
of the metal-Si substrate is strongly influenced
by an increased aperture ratio because of the
homogeneous LBSF formation over the contact
opening area [13]. Furthermore, the metal paste
could be filled in the opening area uniformly to
reduce the resistance and increase the electric field,
making Voc and FF got better. The optimized line
pattern with the aperture ratio in this study is 20%.
The formation quality of the LBSF region is
closely related to the quality of Al-Si alloy within
the local opening area which has a significant impact
on the LBSF solar cell performance. Figure 9 (a)
and (b) show the cross-sectional SEM micrographs
of the back Al contacts and the LBSF region,
respectively. The formation of LBSF region as
+
p small band around the Al-Si alloyed depth is
observed in Figure 9 (b). The formations of thick
and continuous LBSF band are critical to generate
the effective high-efficiency solar cell. It is observed
that the thickness of the LBSF band with using
flash foam stamp technique is of approximately
8μm around the Al-Si alloyed contacts.
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Figure 7. The thickness of the BSG dielectric passivation layer depending on the aperture ratio.
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Figure 8. Open-circuit voltage (Voc) and Fill factor (FF) depending on the aperture ratio.

Figure 9. Cross-section SEM micrograph (150x) of the back Al contacts with aperture ratio 20% (a)
and LBSF region (500x) within Si-Al alloyed depth (b).
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Current density (J) – voltage (V) curves of a
solar cell are measured using the photo emission
technology (Solar simulator) Model #SS100AAA
with having the variable resistors connected across
the solar cell under illumination and measuring
the voltage across the solar cell, as well as the
current through it as shown in Figure 10.
Figure 11. shows the J-V characteristics of
the LBSF solar cells with 20% aperture ratio and
a standard cell fully covered Al-BSF. The Voc
(462 mV), as well as the FF (62.78%) of the LBSF

solar cell, are significantly improved. An increase
in Voc is realized because of the presence of
LBSF inducing more electric field and also having
better passivation of the partial BSG dielectric
layer. Moreover, the optimized LBSF with Al-Si
alloy region resulted in an increase in FF due to
the decrease in the back-contact resistivity. In
this experiment, Voc, Jsc, and power conversion
efficiency increase by 22 mV, 0.78 mA/cm2 and
0.67%, respectively compared with BSF solar cell
as detailed in Table 1.

Figure 10. Schematic of an J-V measurement circuit for a solar cell.
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Figure 11. Comparison of J-V characteristics LBSF cell with 20% aperture ratio (red line) and BSF
cell (black line) under the dark and illumination measurements
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Table 1. Electrical characteristics of BSF cell and LBSF cell with 20% aperture ratio under AM1.5
illumination test.
Condition

Voc
(mV)

Jsc (mA/cm2)

FF

Eff (%)

Full Al-BSF

440

22.41

0.61

6.05

LBSF 20%

462

23.19

0.63

6.72

The LBSF cell structure, in this work, consists
of p/n junction fabricated by a spin-on doping
method and specific ARC layer from the residue
PSG film after thermal diffusion. Owing to this
reason, a cell reference with fully Al-BSF solar
cell used for the comparison provided the lower
cell efficiency than a commercial solar cell with
a standard manufacturing process. However, this
work demonstrated that flash foam stamp can be
used to fabricate the replication template rapidly
and cost-effectively for opening LBSF structure
in a single-step process.
4. CONCLUSIONS

Currently, low-cost micro-fabrication methods
are required to use in a high-efficiency LBSF
solar cell for instead of a complex process as
photolithography and laser doping with a surface
damage problem. LBSF structure based on the
flash foam stamping technique was also discussed
here, and it was successfully used for microopening dielectric layer. A 100 µm microstructure
was able to be fabricated simply in a common
office environment. The proposed method has
promising potential application in the LBSF
solar cell fabrication developed in this study. The
optimized LBSF cell with 20% aperture ratio can
enhance the efficiency by 0.67%. Therefore, the
flash foam stamp is an alternative technique to
be effective improvable the high-efficiency LBSF
solar cells, which are consistent with the industrial
production process.
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