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Abstract – Photovoltaic solar cells offer many 

advantages, including needing little maintenance, 

environmentally benign of any electricity generating source 

with zero greenhouse gas emission. In the photovoltaic 

industry both the reduction of the silicon material thickness 

and the increase of the solar cells efficiency are critical 

topics for cost reduction.   One key factor to reducing the 

cost and energy consumption of solar cell production 

process is reducing the thickness of the Si wafer to the order 

of 200 µm, the current industry wafer thickness ranges of 

275 - 350 μm. The back-surface field (BSF), ~50 μm thick is 

formed during the firing of a screen printed A1 on the rear 

side. The main issue using thinner wafers with Al BSF is the 

bow of the wafers after firing. 

    In this study, baseline Si Solar cells with 19.7% light 

conversion efficiencies was achieved on monocrystalline p-

type CZ-Si with two types of Al BSF pastes. High 

performance SiN:H was grown by PECVD tool. The Al/Ag 

firing process for the Sun Chemical product (CTX 0435) 

needs to be optimized as the current process disintegrates 

to powder substance after Ag firing. The process window 

for firing the DuPont Ag front-side paste is large and yields 

low series resistance values without forming gas anneal 

(FGA anneal).   

Keywords: High Efficiency Si Solar Cell, Si solar cell 

using Al back surface field, Back surface field (BSF), Al-

BSF formation, rear surface passivation. 

 
I. INTRODUCTION 

Major issues affecting the manufacturing 
photovoltaic modules include technological advances, 
improved production methods, dramatically lower prices 
for PV modules.  

The cost of manufacturing Silicon solar cell can be 
significantly lowered using thinner wafers, ~180 µm 
thick [1]. However, thin wafers are susceptible to bowing 
caused by the influence of the metallization on the front 
and rear side. Excessive bowing of Si wafers leads to 
significant yield losses during production process. In this 
investigation, custom-made formulations that combines 
good doping conductive aluminum paste was designed 

to deliver excellent efficiency, low bowing, high 
material compatibility, better adhesion strength and a 
wider processing window. 

 Photovoltaic cells of single-junction can be 
categorized as wafer-based, thin films, and emerging 
technologies. A typical crystalline solar cell architecture 
consists of a p-type substrate with n and p-metal contacts 
at the backside as shown in Figure 1.  
The internal structure of a solar cell has a p-n junction 
formed between the n-doped emitter and the p-doped. 
The front surface is textured and coated with an 
antireflection coating (ARC) layer to enhance the light 
absorption. The ARC also provides passivation to the 
front side to decrease front surface recombination 
velocity (FSRV). Silver (Ag) front grid forms the front 
contact. 
Solar cells that possess full metal/Si interface at their rear 
surface field have low cell efficiency i.e., less than 20%) 
[2]. Boron (B) diffusion is an attractive method for 
achieving high-quality rear interface. Boron diffusion 
usually uses liquid BBr3 [3], BCl3 [4], or solid B [5] as 
the source of B. Considerable efforts have been made 
recently to develop an industrially feasible approach for 
B diffusion, with liquid BBr3 and Si paste as the source. 
However, BBr3 is 
hazardous and requires an extra laser equipment to allow 
diffusion, hence increasing the cost of production. 

In this work presented, new low-cost improved paste 
[6] with low sheet resistance was used to achieve solar 
cell with reasonable conversion efficiency. The method 
requires printing machine where patterns are controlled 
by selecting appropriate paste and screen. Du et al. [7] 
prepared Al/B paste and demonstrated a high doping 
concentration in the BSF by B doping.   

The back-surface field (BSF) formed by the Al 
alloyed with the substrate reduces recombination at the 
back side and improves the open-circuit voltage (Voc).  
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Figure 1: Standard silicon solar cell structure with contacts and 
antireflection coating. 

 
Under illumination, electron-hole pairs are first 

created in the absorber layer by the absorption of 
incident photons, which transfer their energy to loosen 
electrons, knocking them off Si atoms. Then electrons as 
minority carriers diffuse to the space charge region and 
are swept across the junction by the electric field at the 
depletion region to reach the n-type emitter, where they 
become majority carriers. The photo-generated current 
then flows through the external circuit if the front and 
rear metal electrodes are connected together. The critical 
parameters which determine the efficiency of a solar cell 
are the product of short-circuit current (Jsc), open-circuit 
voltage Voc and fill factor (FF), Figure 2. 

The major types of Solar cell absorber material are 
crystalline and thin films [1], [8], which vary from each 
other in terms of light absorption efficiency, energy 
conversion efficiency, manufacturing technology and 
cost of production. Single crystalline silicon cells are the 
most common in the PV industry.  

The main technique for producing single crystal 
silicon is the Czochralski (CZ) method in which high-
purity polycrystalline silicon is melted in a quartz 
crucible [9]. A single-crystal silicon seed is dipped into 
this molten mass of polycrystalline silicon. As the seed 
is pulled slowly from the melt, a single-crystal ingot is 
formed. The ingots are then sawed into thin wafers, 
polished, doped, coated, interconnected and assembled 
into modules and arrays. 

Prime quality p-type CZ (100) Si wafers from Si 
QESST were employed and processed using standard 
baseline Si flow. In this investigation, state of the art 
front side nitride layer was deposited to the rear side with 
a thin thermal oxide layer to improve the inversion layer 
[10]. Key to improving the efficiency of a crystalline cell 
is reducing the thickness of the Si wafer, fine tuning 
firing recipe, reduce shading loss, increase Jsc, Voc. 

One way of decreasing the shading is the use of 
narrower gridlines. In order to benefit from the narrow 
gridlines even with many breakages, multiple busbars 
can be introduced, this also leads to the reduction of 
gridline resistance and improve the FF. 

                

              
  
Figure 2: Standard solar cell structure showing top and back contacts, 
passivation, ARC coating, surface fields and cell characterization 
parameters. 

 
 

  
 
          Figure 3: Design patterns with different number of busbars 

 
     

II. METHODOLOGY 
The fabrication of Al-BSF cell involves emitter 

formation, deposition of ARC layer of SiNx, front and 
back metallization, and contact co-firing. 
As received prime quality p-type CZ (100) Si wafers 
with 1 Ωcm resistivity from Si QESST were employed 
and processed using standard baseline Si flow. The 
wafers went through initial saw-damage removal and 
surface texturing processing to increase the optical 
absorption by randomizing the incident light [11]. 
Anisotropic texturing of the Cz-Si material was achieved 
in alkaline solutions such as KOH [12 -13], which lead 
to the formation of random pyramids on the silicon 
surface. To reduce the surface roughness and its impact 
on the effective charge carrier lifetime, the rear surface 
was polished.  
After POCl3 diffusion, all wafers received passivation 
from the nitride film deposition tool. The deposition of 
the dielectric layer was completed during the passivation 
step.  The solar cells were designed, fabricated and 
optimized for best performance by minimizing series 
resistance and rear surface recombination.  

Half the wafers were coated with Al BSF paste from 
Sun Chemical while the other half coated with Al paste 
from DuPont chemicals.  At the Al firing step, three of 
the wafers (one coated with Sun Chemical Al paste and 
other two coated with DuPont Al paste) received the 
baseline (pyro temp 826, 836, 846oC for 30 s) while the 
other three were fired with a different recipe received 

Figure 3: Design patterns with different number of busbars 
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temperatures 790, 795, 799oC for 3 s). The peak firing 
temperature for the Ag paste was 715oC.  All six wafers 
had good adhesion on the front side Ag grid and back 
side Al after Al firing process.  
The contact formation and current transport mechanisms 
for the screen-printed contacts were  
reviewed to understand the impact of contact co-firing 
on solar cell performance. 

The fabricated solar cells were fired with original 
CXT-0435 Al recipe with a peak temperature of 797°C 
and a ~3.8 s ramp from 450 - 785°C prior to stabilizing. 
The wafer looked good after firing. After Ag firing, 
began to bubble and disintegrate everywhere. An 
average sheet resistance (Rsavg) values of 0.98 Ω-cm2 
was recorded. 
Three of the wafers received a post process forming gas 
anneal (FGA) for 20 minutes at 400oC, in MRL furnace. 
Flash test and Electroluminescence (EL) measurements 
were collected before and after the FGA treatment 

 

III. RESULTS AND DISCUSSIONS 
Baseline Si solar cells was fabricated and 

investigated using two types of Al BSF pastes for front 
side metallization. Reasonable minority carrier lifetime 
values (~30 µs) was measured after POCl3 diffusion and 
after silicon nitride arc layer deposition, as shown in 
Figure 4.  The lifetime values look reasonably 
unchanged. 
Figures 5 shows an optical plot of refractive index (n) 

and extinction coefficient (k) vs. wavelengths (λ) of light 
for the 78nm thick amorphous hydrogenated silicon 
nitride(a-SiNx:H) deposited with a PECVD tool. The 
data was acquired by variable angle spectroscope 
ellipsometry (VASE). The k values remained unchanged 
with an increase in n parameter after firing. 
Rutherford back scattering (RBS) data was collected 
and summarized in Table 1 for pre- and post-firing for 
silicon nitride. The target composition of Si:N:H  after 
deposition was 40:42:18. After firing, N composition 
increased while the H composition reduced in the arc 
layer.  
Table 2 and 3 summarizes I-V measurement (Voc, Jsc, FF 
and efficiencies) collected for SPL Lot 15 before and 
after FGA treatment. 

Flash tests showed reasonable solar cells conversion 
efficiencies (η %) ranging from 18.7 – 19.7%, low series 

resistance (0.55 – 1.30 Ω-cm2), except for SPL-0091 

which recorded high series resistance of 1.8 Ω-cm2, this 
does not suggest any contact resistance problem.  Open 
circuit voltage, Voc of ~640 mV was measured, this was 
consistent in all the cells with an average Fill Factor (FF) 
of 78% recorded. Though several of the cells 
disintegrated with powdered substance everywhere, no 
degradation in cell performance was observed. 
 

 

 
        Figure 4: Lifetime measurement (MCD = 1.0x 1014 /cm3). 

 
 

         
         Figures 5: Refractive index (n) and extinction coefficient (k) vs.     

         wavelengths (λ) of light for the 78nm amorphous hydrogenated  
         silicon nitride(a-SiNx:H) 

 

 
Table 1: RBS data for CSSER Oxford amorphous 

 

Sample Si N H 
 

Unfired 38.9 43.3 17.8 

Fired 41.0 46.5 12.5 
 

 
Table 2. I-V performance results of SPL Lot 15 cells 

 

  
 

 
 



2021 IEEE PES/IAS PowerAfrica 

 

978-1-6654-0311-5/21/$31.00 ©2021 IEEE 
 

Three of the wafers received a post process forming 
gas anneal (FGA- 95% nitrogen and 5 % hydrogen) 
treatment for 20 minutes at 400 oC in MRL furnace. Most 
of the parameters remained  
unchanged. The two other cells, SPL-0092 and 0096 
with low series resistances pre-FGA treated saw an 
increase in series resistances and degrade efficiencies. 
The reasons for these increases are currently not 
understood. 
For the SPL-0092 cell, a microscope inspection showed 
evidence of broken grid connected to busbar (broken 
fingers). 
Electroluminescence (EL) images are summarized in 
Figures 6 and 7.  
Quantum efficiency (QE) analysis of the cells, which 
measures the ratio of the number of carriers collected by 
the solar cell to the number of photons of a given energy 
incident the solar cell revealed good cell with EQE 
conversion efficiencies of above 90% in the 660 and 690 
nm wavelength range. 

 

 
  Table 3: I-V performance results of SPL Lot 15 cells after FGA     
   treatment              

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         
 
                                            (a).      
     

       
 
                                            (b). 
 
    Figure 6.  (a). Sample SPL-0091 3A_1min. (b). Sample    
    SPL-00913A_1 
 
 
 

          
                                           (a). 
  

          
 
                                          (b). 
 

               Figure 7.  (a). sample SPL-0092 3A_1min., (b). Sample      
               SPL-0092 3A_1min after FGA treatment 
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           Figure 6.  (a). Sample SPL-0091 3A_1min.  
          (b). Sample SPL-00913A_1 

 

 

 
 

 

 

 
 

 

 

 

 
IV. CONCLUSION 

In this work, we investigated the light conversion 
efficiencies of Si solar cells fabricated using two types 
of good doping conductive Al BSF pastes, Al BSF paste 
from Sun Chemical and Al paste from DuPont 
chemicals. All the Al-BSF Si solar cells were fabricated 
on p-type CZ-Si substrates with resistivity of 1.0 Ω-cm, 
thickness of 180 µm and dimensions of 256 cm2.  
After POCl3 diffusion, sheet resistance of ~640 Ω/sq was 
measured. Gridlines width of 45-55 µm were defined by 
a screen with 40 μm mesh opening. After the screen-
printed metal electrodes dried, the solar cells were 
cofired at peak firing temperature of    ~797 °C. 
The best cells exhibit efficiency as high as 19.7 %, with 
Voc of 644 mV, Jsc of 38. 5 mA/cm2 and FF of 78 %.  
Analysis and investigation performed during the device 
development and fabrication has contributed to the 
understanding of the local interaction between Al and Si. 
The Al paste readily diffuses into the Si wafer after 
firing. To better understand the limitations of screen-
printed Al-BSF cell, various factors that affect the Voc, 
Jsc and FF, as well as the conversion efficiency of a solar 
cell were identified. To further improve solar cell 

conversion efficiency, some promising front grid 
metallization patterns with the introduction of grid 
segmentation and uneven busbar needs to be 
investigated. 
The Al/Ag firing process for the Sun Chemical product  
(CTX 0435) needs to be optimized as the current process 
disintegrates to powder substance after Ag firing.  
The process window for firing the DuPont Ag front-side 
paste is large and yields low series resistance values 
without an FGA anneal.  It is not clear why FGA anneal 
did not improve the series resistance and performance of 
SPL-0092 and SPL-0096. 
Very good Si solar cells with external quantum 
efficiencies (EQE) of over 90% was measured.  
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Figure 8.  EQE efficiency measurement for SPL Lot15 
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