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ABSTRACT: A boron doping process using a boron tri-bromide (BBr3) as a boron source was applied to form a p
+
 emitter layer on an

n-type mono-crystalline CZ substrate. Nitrogen (N2) gas as an additive of the diffusion process was varied in order to study the variations 

in sheet resistance and the uniformity of doped layer. The flow rate of N2 gas flow was changed in the range 3 slm~10 slm. The sheet 

resistance uniformity however was found to be variable with the variation of the N2 flow rate. The optimal flow rate for N2 gas was found

to be 4 slm, resulting in a sheet resistance value of 50 Ω/sq and having a uniformity of less than 10%. The process temperature was also

varied in order to study its influence on the sheet resistance and minority carrier lifetimes. A higher lifetime value of 1727.72 s was 

achieved for the emitter having 51.74 Ω/sq sheet resistances. The thickness of the boron rich layer (BRL) was found to increase with the

increase in the process temperature and a decrease in the sheet resistance was observed with the increase in the process temperature. 

Furthermore, a passivated emitter solar cell (PESC) type solar cell structure comprised of a boron doped emitter and phosphorus doped

back surface field (BSF) having Ni/Cu contacts yielding 15.32% efficiency is fabricated.
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1. Introduction

Boron and oxygen combines to form B-O complex during the 

implantation of boron for the processing of p-type silicon sub-

strates
1)

. The B-O defect introduces the light induced degradation 

(LID) phenomenon, which adversely disturbs the cell efficiency
2)
. 

This B-O complex acts as a trap for an EHP (electron hole pair), 

which affects the efficiency of solar cell by lowering the lifetime 

of carriers
3)

. In recent times, phosphorus doped n-type silicon 

has received a great amount of attention for solar cells
4)

. This is 

mainly because of its capacity to have inferior sensitivity to 

contamination from common interstitial impurities (e.g. Fe) and 

invulnerability to light-induced boron-oxygen defects
1,2)

. That 

is why the n-type offers higher minority carrier diffusion lengths 

in comparison to p-type c-Si substrates with a similar impurity 

concentrations. The carrier lifetime for n-type substrates is up to 

five times higher than p-type substrates
5,6,7)

. This is because of 

the high efficiency potential of n-type substrates yields cells with 

higher efficiencies than cell comprised of p-type c-Si substrates
5,6,7)

. 

Although, the n-type silicon has the potential to offer higher 

efficiencies, cell processing is challenging
8,9)

. The formation of 

a boron doped emitter requires a higher temperature process
9,10)

. 

The junction depth and the series resistance of the emitter 

formed can influence the efficiency of the cell
10)

. The formation 

of a heavily doped emitter can decrease the mobility of the 

minority carriers, which can increase the recombination rates
5,6,9,12)

. 

On the other hand shallow doping results in increase in the series 

resistance and hence will lower down the fill factor of the 

cell
5,6,9,12)

. In order to achieve optimized cell efficiency a uniform 

emitter formation (appropriate sheet resistance) with a precise 

control of the dopant concentration is required
9,13)

. In this study 

the minority carrier lifetime and sheet resistance uniformity for 

the boron doping process on n-type silicon substrates was 

investigated. The variation in the N2 gas and process temperature 

was performed in order to observe its influence on sheet resistance, 

minority carrier diffusion lengths and BRL thickness. Furthermore, 

a passivated emitter solar cell (PESC) type solar cell having an 

efficiency of 15.32% and composed of boron doped emitter on 

n-type silicon substrate was successfully fabricated.
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Fig. 1. Variation in sheet resistance and its uniformity in terms 

of  N2 flow rate

2. Experimental procedure

2.1 Cell processing to boron doping

The samples were prepared with n-type mono-crystalline CZ 

wafers. The detailed specifications of the wafers are as follows: 

Orientation (100), thickness (200 μm), resistivity (1.5 Ω.cm), 

and wafer size (6 inches). In order to perform the boron doping 

process the wafers were processed with the standard RCA-1 

(DI-water: H2O2: NH4OH = 6: 1: 1) cleaning is performed for 

the removal of any organic contaminants. In order to lower 

down the reflectance, the wafer surface was textured by forming 

uniform pyramids in an aqueous alkaline solution. The standard 

RCA-2 (DI-water: H2O2: HCl = 6: 1: 1) cleaning step is per-

formed after the texturing process to remove any metallic impurities. 

2.2 Variation in N2 gas flow rates 

The doping process was performed by a mean of a diffusion 

furnace having a mixture of gases composed of O2, N2 and BBr3 

vapours. The flow rate for N2 gas is varied in order to observe the 

variation in sheet resistance, lifetime and thickness of BRL. The 

diffusion process was performed in two stages, pre-deposition 

and drive-in. The samples were loaded at 800ºC and pre-deposition 

starts at 930ºC for 20 minutes. However, the drive-in process 

was performed at 950ºC for 40 minutes. During the diffusion 

process, the N2 gas flow rate was varied between 3~4.5 slm (for 

intervals of 0.5 slm), followed by a flow rates of 5 slm and 10 slm. 

2.3 Variation in process temperature

The process temperature was also varied to investigate the 

deviations in sheet resistance and lifetime of the carriers after 

the boron diffusion process. The pre-deposition temperature 

was varied in a range of 890ºC~970ºC by adding an interval of 

20ºC. In order to perform the drive-in process, an additional 

temperature of 20ºC is added to the pre-deposition temperature 

for an interval of 40 minutes. After the boron doping process, the 

boron silicate glass (BSG) was removed by means of diluted 

hydrofluoric acid (HF) for the measurement of sheet resistance 

and lifetime. The presence of BRL on the wafer surface was 

investigated, and its thickness was measured using field emission 

scanning electron microscope (FE-SEM).

2.4 Front metallization by Ni/Cu plating

The PESC type silicon solar cell with Ni/Cu contacting scheme 

having a boron doped emitter on n-type substrate was fabricated. 

The rear contact of the cell was formed by screen printing the Al 

paste on the rear of the cell. On the other hand, the front 

electrodes were formed by plating nickel (Ni) and copper (Cu) 

stacks on the front surface. In the process of Ni/Cu plating at the 

front, Ni (seed layer) was deposited by an electroless plating 

technique followed by Cu as main conducting electrode by the 

electroplating process. The light induced plating (LIP) process 

was adapted to plate the Cu on Ni silicide (NiSi), which was 

sintered (300ºC~400ºC) in the presence of N2 gas. The elect-

roplating process for depositing the Cu electrode was performed 

at 350mA for 20minutes.

3. Results and discussion

3.1 Variation in N2 gas flow rate 

A variation in the sheet resistance and its uniformity for boron 

doped emitters was investigated with variations in N2 gas during 

boron diffusion process. The sheet resistance was observed to be 

constant (~50 Ω/sq) for N2 gas in a flow range of 3 slm~4.5 slm. 

The sheet resistance was found to increase for the N2 flow rate 

of 5 slm and 10 slm. The sheet resistance uniformity, however, 

was found to be variable with the variation in the N2 flow rate. 

The optimal flow rate for an N2 gas was found to be 4 slm, 

resulting in a sheet resistance value of 50 Ω/sq with good 

uniformity of less than 10%. However, for higher N2 flow rates, 

the sheet resistance uniformity was found to be worse and was 

as high as (~60 %) for 10slm. These results suggest that the N2 

flow rate plays a critical role for sheet resistance uniformity in 

the boron diffusion process (Fig. 1). 

3.2 Variation in process temperature 

The process temperature was also varied in order to study its 
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Fig. 2. Variation in sheet resistance and lifetime in terms of 

process temperature

Fig. 3. Variation in sheet resistance and BRL thickness in terms 

of  process temperature

Fig. 4. (a) Optical microscopic image of the patterned electrode 

(cell-a), (b) SEM image for the Ni/Cu plated cell (cell-a)

Fig. 5. (a) Optical microscopic image of the patterned electrode 

(cell-b), (b) SEM image for the Ni/Cu plated cell (cell-b)

Fig. 6. EDX (Energy-dispersive X-ray spectroscopy) analysis 

for Ni/Cu contacts formed at boron diffused emitter. The 

contents of Si, Ni, Cu and B were observed clearly

influence on sheet resistance and minority carrier lifetimes. The 

sheet resistance was observed to decrease significantly with the 

increase in temperature. The minority carrier lifetimes was found 

to increase slightly for the temperature range of (890ºC~930ºC) 

and started to decrease at temperatures above 930ºC. Variation 

between the sheet resistance and lifetime are plotted against the 

change in the process temperature in Fig. 2. The results also 

show the dependence of lifetime over the nature of doping. For 

a heavily doped surface, the lifetime was witnessed to decrease, 

while for shallow doping, it was observed to increase. The 

higher lifetime value of 1727.72 μs was achieved for the emitter 

having 51.74 Ω/sq sheet resistance where a lower value of 

1425.33 μs was recorded for the emitter having a sheet resistance 

of 39.58 Ω/sq.

3.3 Variation in BRL thickness

The BRL thickness during the boron diffusion process was 

inspected and measured using FE-SEM and is plotted against 

the temperature values. The graph in Fig. 3 shows the dependence 

of BRL thickness and sheet resistance on the process temperature. 

The thickness of BRL was found to increase with the increase in 

the process temperature, and a decrease in the sheet resistance 

was observed with the increase in the process temperature. The 

BRL is actually formed along with BSG during the boron diffusion 

process, and its thickness affects the minority carrier lifetime, 

sheet resistance and uniformity adversely. Therefore, a minimal 

BRL thickness is desired as the thicker BRL can negatively affect 

the open circuit voltage (VOC) and short circuit current (ISC).

3.4 Ni/Cu plating for PESC type silicon solar cell

The front electrode patterning for two cells (cell-a and cell-b) 

are done by the photolithography process, and the optical 

microscopic and SEM images of the both the cells are shown in 

Fig. 4(a, b) and 5(a, b) respectively. The antireflection coating 

(ARC) was opened by dipping the patterned cells in the buffer 
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Fig. 7. Solar cell efficiency curve measured with the help of 

solar simulator (cell-b)

oxide etch (BOE) solution. The finger width of 15 μm and 10.93

μm was observed for cell-a and cell-b, respectively. The finger 

width of cell-a is larger in comparison to cell-b, which is 

because of dipping the cell-a for larger time in BOE in order to 

pattern through the ARC at the cell front area. The SEM images 

in Fig. 4(b) and 5(b) shows that thin lines of about 38 μm can be 

formed by adopting the electroplating process for Cu deposition. 

Aspect ratios of 0.20 and 0.21 were also observed for cell-a and 

cell-b, correspondingly. The EDX (Energy-dispersive X-ray 

Spectroscopy) analysis was also performed in order to analyze 

the Ni/Cu contacts formed by electroless and light induced 

plating process and is shown in Fig. 6.

3.5 PESC type solar cell on n-type silicon substrates

Two solar cells having a PESC type cell structure on an 

n-type silicon substrate with Ni/Cu contacts were fabricated. 

After performing the initial processing steps (RCA-1, surface 

texturing and RCA-2 cleaning), the wafers were processed 

further to form the solar cell. The front surface having a sheet 

resistance of 60 Ω/sq was doped with boron in order to form a p
+
 

emitter layer. The rear side of the cell was doped with phosphorus 

species using a POCl3 diffusion furnace in order to form 

phosphorus doped back surface field (BSF). The rear side of the 

cells was contacted by screen printing the Al paste on the rear, 

while the Ni/Cu plating process has been conducted to form the 

front contacts. The efficiencies of the cells fabricated were 

measured using a solar simulator. The efficiency for the cell 

labelled as cell-a was measured to be 15.10% (ISC = 139.87 mA, 

VOC = 592.0 mV, FF = 72.97, Rser = 0.353 ohm, R sht = 99.61 ohm). 

However, the cell labelled as cell-b resulted in an efficiency 

value of 15.32% (ISC = 140.54 mA, VOC = 594.4 mV, FF = 73.34, 

Rser = 0.314 ohm, Rsht = 76.03 ohm). The finger width of the 

cell-b was thinner, which resulted in lowering the series resistance 

that improves ISC of the cell. Fig. 7 shows the I-V curve for the 

cell having 15.32% efficiency and is labeled as cell-b.

4. Conclusions

In this study, the minority carrier lifetime and sheet resistance 

uniformity for the boron doping process on n-type silicon substrates 

was investigated. The variation in the N2 gas and process tem-

perature was performed in order to observe its influence on sheet 

resistance, minority carrier diffusion lengths and BRL thickness. 

The role of N2 gas during the pre-deposition and drive in process 

was found to have a greater influence on uniformity and sheet 

resistance during the boron diffusion process. The flow rate of 

4slm for an N2 gas was found to be the optimal flow rate, which 

resulted in a sheet resistance value of 50 Ω/sq, having a 

uniformity of less than 10%. Moreover, a decrease in the sheet 

resistance and minority carrier lifetime occurred with increases 

in process temperatures. The higher lifetime value of 1727.72 μs 

was achieved for the emitter having 51.74 Ω/sq sheet resistances 

where a lower value of 1425.33 μs was recorded for the emitter 

having a sheet resistance of 39.58 Ω/sq. The increase in the 

process temperature shows an increase in the BRL thickness, 

which is responsible for negatively affecting the sheet resistance, 

minority carrier lifetime and sheet resistance uniformity. Fur-

thermore, a solar cell composed of a PESC type structure having 

Ni/Cu contacts with an efficiency of 15.32% was successfully 

fabricated.
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