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Abstract - Photovoltaic characteristics of monocrystalline silicon solar cells (MSSCs) were investigated by the 
electroplating copper (EPC) as the rear metallization. The boron back-surface-field (B-BSF) formed by the spin-on-dopant 
and the laser doping (LD) was prepared as the seed layer of the EPC. The LD parameters, including the laser focus, the laser 
power, the laser speed, and the laser pitch, were investigated. The achievement of conversion efficiency (CE) improvement 
of more than 0.6% absolute from 15.6% to 16.2% for MSSCs with a tuning LD process was explored. The promoted 
mechanism could be attributed to the reduction of laser damage and continuous B-BSF seed layer. 
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I. INTRODUCTION 
 
Screen-printed mono- and multi-crystalline silicon 
solar cells (SPSSCs) have been extensively developed 
for industrial solar cells.1-4 Both screen-printed Ag 
and Al pastes were utilized to SPSSCs for the 
formation of the front and the rear metallizations.5-8 
Moreover, the contact loss that limits the CE of solar 
cells is one of the loss mechanisms.9 Therefore, the 
improvements in the bulk properties of the metal 
contact with low resistivity are highly desirable. 
Recently, the electroplating copper (EPC) technology 
has attracted considerable attention due to low 
resistivity and low-cost metallization.10 One step 
annealing front metal contact process by an adapted 
plating stack of Ni/Cu/Ag was investigated.11 Two 
different approaches to form Cu plated contacts based 
on laser ablation of the SiNx:H antireflection coating 
were presented.12 Moreover, LD technology was 
widely adopted to form selective emitter. Copper 
penetration through light-induced plated and 
electrolessly-plated nickel barrier layers into the 
underlying silicon of silicon solar cells was 
investigated.13 Metallization of Si heterojunction 
solar cells by nanosecond laser ablation and Ni-Cu 
plating was presented.14 Investigation of selective 
emitter in single step diffusion process for plated 
Ni/Cu metallization crystalline silicon solar cells was 
achieved.15 Thus, in this work, the B-BSF layer was 
demonstrated by spin-on-dopant and LD technology 
as the seed layer of the EPC. The improved CE of the 
SPSSCs was demonstrated by the EPC as rear contact. 

 
II. DETAILS EXPERIMENTAL  
 
To explore the effects of the LD as the seed layer of 
the EPC on photovoltaic characterizations, square 
samples (156  156 mm2) of (100)-oriented p-type 
silicon wafers with 0.5-3 ‧cm and 200±20 µm 
were prepared. The alkali texturing was performed in 
a solution of 1.73% KOH at 83 oC for 10 min. The 
front emitters of the p-type silicon substrates were 

formed by the phosphorus diffusion. The diffused 
temperatures were performed at 900 oC for the 
phosphorus doping. After single-side edge isolation 
and the PSG etching, the sheet resistances of the front 
emitters were presented to be around 70±5 /sq. For 
passivation and anti-reflection coating, a standard 
SiNx film with a thickness of 75 nm was deposited on 
the n+-emitters by the decomposition of NH3 and 
SiH4 using plasma-enhanced chemical vapor 
deposition at a frequency of 13.56 MHz. 
Instantaneously, an Ag front pastes was screen-
printed on the front side of the MSSCs and dried in 
an infrared belt furnace at 230 oC. Then, a 6-zone 
industrial infrared belt furnace was used to fire Ag 
pastes into the n-type emitters. The peak temperature 
and the belt speed were set at 790 oC and 200 
inch/min, respectively. Next, to protect the front 
metallization of the MSSCs, the polymer paste was 
spin-cast onto the front surface of MSSCs at 3000 
rpm and dried at 130 oC for 30 min. After protection 
process, the boron dopant was spun onto the rear side 
of the MSSCs. Laser doping were formed by the 
Nd:YAG solid laser with a wavelength of 1064 nm 
on the rear side of the MSSCs. The parameters of the 
laser distance from the focus were ranged from -012 
to 0.08 mm. The power of the laser was addressed 
from 0.6 to 1.6 W. The speed of the laser was 
achieved from 240 to 560 mm/min. The pitch of the 
laser was ranged from 10 to 50 m. Final, the current 
densities and the EP time of the EPC were addressed 
at 30 mA/cm2 for 60 mins. The current densities–
voltage curves of the MSSCs were measured under 
standard test conditions (AM1.5G spectrum, 100 
mW/cm2, 25 oC). Surface morphologies were 
examined by field emission scanning electron 
microscopy (FESEM).  
 
III. RESULTS AND DISCUSSION 
 
Figure1 presents various CEs of the MSSCs with B-
BSF and EPCs as rear contact. The LD process was 
treated at various positions from laser focus. The 
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results suggested that the optimum condition was 
achieved at -0.04 mm from laser focus rather than at 
laser focus. The reason could be attributed to large 
laser damage at laser focus. Thus, the seed layer 
formed at -0.04 mm from laser focus was prepared to 
electroplate copper as rear contact of the MSSCs. The 
achievement of a CE improvement of more than 2.9% 
absolute from 12.7% to 15.6% for MSSCs with a 
tuning laser position from laser focus was explored. 
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Fig.1. CEs of the MSSCs with B-BSF and EPCs as rear contact 
were shown. The LD process was treated at various positions 

from laser focus. 
 

  

  
Fig.2. FESEM surface morphology images of backside surfaces 
of the MSSCs with laser power at (a) 0.8, (b) 1.0, (c) 1.2, and (d) 

1.4 W. 
 

FESEM surface morphology images of backside 
surfaces of the MSSCs with laser power at (a) 0.8, (b) 
1.0, (c) 1.2, and (d) 1.4 W were shown in Fig. 2.  The 
B-BSF seed layer was insufficient for the laser power 
at 0.8 W as shown in Fig. 2(a). It can be seen that the 
laser damage increase with increasing laser power. A 
suitable B-BSF seed layer was presented at the laser 
power at 1.0 W as shown in Fig. 2(b). Thus, the B-
BSF layer formed at 1 W was prepared as the seed 
layer of the EPC. 
To investigate the effects of various laser powers, 
CEs of the MSSCs with B-BSF and EPCs as rear 
contact were shown in Fig. 3. The results show that 
the CE degradations were presented at both low and 
high laser power. This is due to insufficient B-BSF 

layer formed at lower laser power. On the contrary, a 
B-BSF layer with larger laser damage was 
demonstrated at higher laser power. The achievement 
of a CE improvement of more than 4.3% absolute 
from 11.5% to 15.8% for MSSCs with a tuning laser 
power was explored. 
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Fig.3. CEs of the MSSCs with B-BSF and EPCs as rear contact 
were shown. The LD process was achieved at various powers. 

 
 

  

   
 

Fig.4. FESEM surface morphology images of backside surfaces 
of the MSSCs with laser speed at (a) 320, (b) 400, (c) 480, and 

(d) 560 mm/min. 
 

Fig. 4 shows various FESEM surface morphology 
images of backside surfaces of the MSSCs with 
various laser speeds at (a) 240, (b) 320, (c) 400, and 
(d) 480 mm/min. The results exhibit that a break B-
BSF seed layer was presented at fast laser speed. The 
continuous B-BSF was addressed below 400 mm/min. 
A deep B-BSF seed layer could be formed at slow 
laser speed. However, the laser damage could be 
formed at deep B-BSF seed laser. Thus, a suitable 
laser speed was presented at 400 mm/min. 
 
To investigate the effects of various laser speeds, CEs 
of the MSSCs with B-BSF and EPCs as rear contact 
were shown in Fig. 5. The results show that the CE 
degradations were presented at both slow and fast 
laser speed. This is due to deep B-BSF layer with 
laser damage formed at slow laser speed. On the 
contrary, a break B-BSF layer was demonstrated at 
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fast laser speed. The achievement of a CE 
improvement of more than 2.5% absolute from 13.5% 
to 16.0% for MSSCs with a tuning laser speed was 
explored. 
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Fig.5. CEs of the MSSCs with B-BSF and EPCs as rear contact 

were shown. The LD process was presented at various laser 
speeds. 

 

  

  
Fig.6. FESEM surface morphology images of backside surfaces 
of the MSSCs with various laser pitches at (a) 10, (b) 20, (c) 30, 

and (d) 40 m. 
 
Fig. 6 shows various FESEM surface morphology 
images of backside surfaces of the MSSCs with 
various laser pitches at (a) 10, (b) 20, (c) 30, and (d) 
40 m. The results display that a continuous B-BSF 
seed layer was presented at a laser pitch of 10 m. 
The time of the EPC can be reduced by the 
continuous B-BSF seed layer. Although, the 
continuous B-BSF was addressed at a laser pitch of 
10 m, the laser damage could be increased. The 
thicknesses of the EPC decrease with increasing laser 
pitch. Thus, a break EPC could be occurred at long 
laser pitch under same time of the EPC. A suitable 
laser pitch was presented at 30 m. 
To investigate the effects of various laser pitches, 
CEs of the MSSCs with B-BSF and EPCs as rear 
contact were shown in Fig. 7. The results show that 
the CE degradations were presented at both short and 
long laser pitch. This is due to continuous B-BSF 
layer with laser damage formed at short laser pitch. 
On the contrary, a break EPC layer was demonstrated 
at long laser pitch. The achievement of a CE 
improvement of more than 1.6% absolute from 14.6% 

to 16.2% for MSSCs with a tuning laser speed was 
explored. 
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Fig.7. CEs of the MSSCs with B-BSF and EPCs as rear contact 

were shown. The LD process was presented at various laser 
pitches. 

CONCLUSIONS 
 
A suitable LD process was presented for the 
improvement of the CEs of the MSSCs with EPC as 
rear contact. Continuous B-BSF seed layer with lower 
laser damage can be demonstrated at tuning laser 
position, laser power, laser speed, and the laser pitch. 
The achievement of a CE improvement of more than 
0.6% absolute from 15.6% to 16.2% for MSSCs was 
explored.  
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