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ABSTRACT: Ion implantation is the technique of choice for introducing dopant species into semiconductors in 
CMOS devices. In photovoltaics ion implantation could be an interesting alternative to tube furnace diffusion 
processes. In this work we thus show that the damage introduced during implantation can be completely removed 
during annealing and that a co-annealing process can be applied for the annealing of boron and phosphorus profiles. 
Boron emitter implanted PassDop as well as fully implanted PERT solar cells have been fabricated. High conversion 
efficiencies could be achieved for both, the PassDop (22.2%, 694 mV) as well as for the fully implanted PERT 
(22.3%, 684 mV) solar cells, proving the high quality of the applied boron and phosphorus implantation. 
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1 INTRODUCTION 
 

The dominant process for the realization of the 
emitter region of a solar cell is tube furnace diffusion. 
However, most advanced high-efficiency solar cell 
structures feature several differently doped areas, e.g. 
selective emitters and interdigitated patterns (IBC solar 
cells), leading to new requirements on the respective 
doping processes. Single side processes are required by 
almost every advanced structure. Almost as important is 
an easy structuring of the doped areas as is the case for a 
selective emitter as well as for the interdigitated structure 
of the rear side of an IBC solar cell. An independent 
optimization of the differently doped areas also is of 
growing interest for future solar cell structures.  

Ion implantation is known for a more precise control 
and reproducibility of impurity doping and thus has been 
established as the standard doping process in CMOS 
fabrication. In photovoltaics ion implantation could be an 
interesting alternative for tube furnace diffusion 
processes. Ion implantation inherently is a single side 
process which can be easily masked by shadow masks or 
by a simple resist. Other beneficial features of the 
implantation process are that no doped glass (PSG, BSG) 
is formed during the doping process and that 
implantation is a low temperature process that allows 
independent optimization of differently doped areas. 
When all implantation processes are finished only a 
single common high temperature step is needed to 
activate the implanted dopants. Especially, for the 
realization of boron doped areas, where the diffusion 
process is known to be more complicated than for 
phosphorus, ion implantation might be a promising 
option. In several publications it has been shown, that the 
damage introduced during implantation can be removed, 
leading to emitter saturation current densities below 
20 fA/cm2 [1]. With this efficiencies up to 21.7% for a 
boron emitter implanted n-type PERL solar cell could be 
achieved [2]. In this paper fully implanted n-type PERT 
solar cells will be presented.  

2 IMPLANTATION OF BORON EMITTER AND 
PHOSPHORUS BSF 
 

Due to the implantation process the surface region of 
the implanted silicon wafer is damaged. Several 
parameters as the implanted element, implanted dose or 
implantation energy define the type and intensity of the 
damage. For heavy ions like phosphorus the stopping 
mechanism is dominated by nuclear collisions leading to 
a totally amorphous surface at doses typically applied for 
the realization of a BSF (>1014 cm2). Light elements like 
boron create point defects like self-interstitials and 
vacancies and thus have an amorphization dose 
(~1016 cm2) much higher than the dose typically applied 
for emitter formation (1.0x1015 – 1.5x1015 cm-2). For the 
annealing of such defects a higher temperature is 
required than for the epitaxial regrowth of amorphized 
regions. For the co-anneal of the implanted boron emitter 
as well as the phosphorus BSF thus the high temperature 
annealing process developed for the boron emitter 
annealing has been applied [2]. 

On symmetrically processed implanted samples the 
emitter saturation current density of the Al2O3 passivated 
boron emitter as well as of the SiO2 passivated 
phosphorus BSF has been extracted by the method 
proposed by Kane and Swanson [3]. To get into high 
injection high base resisitivity n-type FZ silicon 
(10 Ω cm) has been used. The implantations have been 
performed on a Varian implanter at the Varian factory. 
After implantation the wafers were cleaned with a SC2 
followed by a short HF (1%) dip. All samples then 
received the same high temperature annealing process 
developed for the annealing of boron implantations. For 
the boron implanted samples the grown oxide (~70 nm) 
was removed and the surface was passivated by 10 nm of 
PA-ALD grown Al2O3 capped with 60 nm of PECVD 
SiNx. Then all samples received an annealing process in 
forming gas (425°C, 25 min). The schematic cross 
section of the boron and phosphorus implanted lifetime 
samples is shown in Figure 1. 
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Figure 1  Schematic cross section of the boron (left) and 
phosphorus (right) implanted lifetime samples. 

 
For the boron implantation using optimized 

implantation conditions resulting in a Rsheet ~190 Ω/sq an 
emitter saturation current density as low as 6 fA/cm2 
could be measured after annealing, allowing for a 
maximum Voc >750 mV, which is in the same range as 
can be achieved for a diffused boron emitter with a 
comparable profile (see Table I and Figure 4), indicating 
that the damage introduced during implantation could be 
totally removed. To confirm this, the intrinsic losses of 
the implanted profile have been calculated after the 
method introduced by Cuevas et al. [4]. Based on this 
calculation the J0e due to the intrinsic losses within the 
profile (no surface recombination) is about 4 fA/cm2. If 
the surface recombination velocity S0 for Al2O3 
passivated boron doped surfaces (140 cm/s for a surface 
concentration of 5x1018 cm-3) is also taken into account 
the theoretical J0e increases to 6 fA/cm2, which is in 
perfect agreement to the measured value and also 
confirms that the implanted damage is fully recovered. 
 
Table I  Effective lifetime (τeff, measured at 
Δn = 1015 cm-3), emitter saturation current density (J0e) 
and max Voc of the boron doped samples passivated with 
Al2O3/SiNx. 

 
τeff 

[ms] 
J0e 

[fA/cm2] 
max. Voc 

[mV] 

Diffused Emitter 4.1 7 753 

Implanted Emitter 5.8 6 757 

 
For the phosphorus implantation quite similar results 

have been obtained. Figure 2 shows the emitter saturation 
current density of phosphorus implanted profiles after 
annealing as a function of the implanted dose. For the 
annealing the same process as for the annealing of the 
boron emitter has been applied. As can be seen, the 
measured J0e is a function of the implanted dose, 
increasing with increasing dose. For a quite low dose of 
5x1014 cm a J0e of ~15 fA/cm2 can be reached. As for the 
boron implanted profiles, also here the intrinsic losses of 
the respective profiles have been calculated. To account 
also for the surface recombination the parameterization 
after [5] has been applied. For the phosphorus 
implantation with the 1015 cm-2 dose (Rsheet ~75 Ω/sq) (as 
is applied for the PERT solar cells), the intrinsic limit is 
at about 20 fA/cm2 which increases to about 30 fA/cm2 if 
a S0 of 1000 cm/s is assumed. For higher doses also the 
intrinsic losses increase, i.e. ~100 fA/cm2 for a dose of 
3x1015 cm-2 (Rsheet ~30 Ω/sq). Thus, also for the 
phosphorus implantation the measured J0e is in good 
agreement to the theoretical values, proving that the 
implantation damage could be effectively annealed. 

 

 

Figure 2  Emitter saturation current density of 
phosphorus implanted profiles after annealing as a 
function of the implanted dose. 

 
4 SOLAR CELLS  
 
3.1 Experimental 

Small area (4 cm2) n-type PERT solar cells have been 
processed to investigate the boron implanted emitter as 
well as the phosphorus implanted back surface field 
(BSF) at the device level. As a reference also fully 
diffused as well as PassDop [6] cells featuring a boron 
implanted emitter have been processed. All cells have 
been fabricated on 100 1 Ω cm, FZ, n-type silicon 
wafers with a thickness of 200 µm. The processing of all 
solar cells started with the formation of the inverted 
pyramids textured front. The implanted cells then 
received an oxide mask (PERT: only front, PassDop: 
both sides) which was structured photolithographically to 
define the boron emitter windows. In the next step the 
phosphorus BSF of the PERT cells as well as the boron 
emitter (PERT and PassDop) have been implanted. For 
the diffused cells also oxide masks as well as 
photolithography for structuring have been applied. After 
implantation and diffusion all cells received an annealing 
process in the tube furnace at high temperature. For the 
surface passivation a dry thermal oxide was grown 
during this annealing step. At the front side this oxide 
was removed and a very thin Al2O3 (10 nm) was grown 
by ALD and covered by a SiNx antireflection coating 
(60 nm). For the PassDop cells the rear side SiO2 was 
removed and replaced by a phosphorus doped SiCx based 
layer stack. After surface passivation the contact 
openings have been photolithographically defined and 
the Ti/Pd/Ag front contacts have been evaporated and the 
cells then achieved an annealing in forming gas (425°C). 
In the next step the rear side contact openings for the 
PERT cells have been photolithographically defined, for 
the PassDop cells a laser process was applied. Then the 
Al rear contact has been evaporated. As a last step the 
front contacts have been thickened by a plating step and 
a 110 nm thick MgF2 layer has been evaporated. The 
final structure of the PERT and PassDop cells is shown 
in Figure 3. 
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Figure 3  Schematic of the n-type solar cell structures. a) 
PassDop, b) PERT.  
  
The resulting profiles of the respective implanted and 
diffused boron emitters and phosphorus BSF are shown 
in Figure 4. As can be seen, the profiles of the diffused 
and implanted boron emitter are quite similar, i.e. have a 
surface concentration of 5x1018 cm-3 and a sheet 
resistance of ~190 Ω/sq. The diffused and implanted 
profiles of the phosphorus BSF however show a notable 
difference, i.e. the diffused profile is considerably 
deeper. This is due to differences in the processing. For 
the diffused profiles an additional masking oxidation for 
the structuring of the front side boron diffusion has been 
applied, leading to a higher thermal load and thus a 
deeper profile with a slightly lower surface 
concentration. The difference in the phosphorus dose 
however is below 15%. The sheet resistance is ~60 Ω/sq 
for the diffused and ~70 Ω/sq for the implanted BSF. 
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Figure 4  Measured profiles for the boron and 
phosphorus implanted and diffused profiles after 
annealing. 
 
 

3.2 Results 
The measured one-sun parameters of the n-type 

boron emitter implanted PassDop solar cells are 
summarized in Table II. As can be seen the cells show an 
average conversion efficiency of 21.9% with a maximum 
of 22.2%. The very high open-circuit voltage Voc of up to 
694 mV proves that the surfaces are well passivated and 
the damage introduced during the boron implantation 
could be totally removed during the annealing step. The 
high junction quality is also shown in the PFF, reaching 
an average of >83%. 
 
Table II  One-sun parameters of the boron emitter 
PassDop solar cells (AM1.5G (Ed.1), 100 mW/cm2, 
25°C, aperture area measurement). 

 Voc 
[mV] 

Jsc 
[mA/cm2] 

FF 
[%] 

PFF 
[%]

η 
[%] 

Average 
(7 cells) 

689.2 
± 3.1 

39.9 
± 0.1 

79.7 
±0.2 

83.3 
± 1.0 

21.9 
±0.2 

Best 693.5 40.0 80.0 83.1 22.2 
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Figure 5  EQE, IQE and reflectance of the boron emitter 
implanted PassDop cells.  
 
High conversion efficiencies could also be achieved for 
the fully implanted PERT solar cells, as shown in Table 
III. The average efficiency for the implanted PERT cells 
is 21.9% with the best cells reaching an efficiency of 
22.3%. Also here high open-circuit voltages up to 
684 mV could be reached. The comparison to the 
diffused references shows no significant difference 
concerning Voc and Jsc (due to processing issues, 
unfortunately the FF of the diffused cells is quite low, 
limiting the efficiency). Thus also here it can be stated, 
that the damage introduced during boron and phosphorus 
implantation could be totally removed during the 
annealing process. The high junction quality also here is 
shown in the high PFF reaching an average of >83.5%. 
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Table III  One-sun parameters of the ion implanted as 
well as the diffused n-type PERT solar cells (AM1.5G 
(Ed.1), 100 mW/cm2, 25°C, aperture area measurement). 

 Voc 
[mV] 

Jsc 
[mA/cm2] 

FF 
[%] 

PFF 
[%]

η 
[%] 

Diffused 

Best 684.9 40.1 76.3 84.2 21.0 

Implanted 

Average 
(21 cells) 

679.8 
± 4.0 

40.4 
± 0.2 

79.8 
± 1.0 

83.7 
± 0.4 

21.9 
± 0.4 

Best 683.9 40.5 80.6 83.9 22.3 

 
The high quality of the respective solar cells (boron 
emitter implanted PassDop, diffused and implanted 
PERT) is also confirmed in the high quantum efficiency 
shown in Figure 5and Figure 6.  

300 400 500 600 700 800 900 1000 1100 1200
0

10

20

30

40

50

60

70

80

90

100

 

 

       Implantation        Diffusion
IQE  
EQE
Reflection   

E
Q

E
, 

IQ
E

, R
 [

%
]

Wavelenght [nm]

Figure 6  EQE, IQE and reflectance of the best 
implanted and diffused PERT solar cells.  
 
5 CONCLUSIONS 
 

In this work we investigated the co-annealing of 
phosphorus and boron implanted profiles and applied 
those implantation and annealing processes for the 
fabrication of boron emitter implanted PassDop as well 
as fully implanted n-type PERT solar cells. With the 
same annealing process (single common annealing for 
boron and phosphorus) we could reach very low values 
for the emitter saturation current densities for the boron 
(~6 fA/cm2) and phosphorus (~15 fA/cm2) implantations.  

The comparison of these values to the theoretical 
limitations revealed that the implanted damage could be 
completely removed.  

High conversion efficiencies could be achieved for 
both, the PassDop (22.2%, 694 mV) as well as for the 
fully implanted PERT (22.3%, 684 mV) solar cells, 
proving the high quality of the applied boron and 
phosphorus implantation. 
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