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1. Introduction 

1.1 Background 

Renewable energies are urgently needed to address some of the biggest 
challenges that the mankind is facing at this moment, such as global warming, 
energy shortages and energy security. Among various renewable energy 
resources, photovoltaics (PV) energy is a clean, climate-friendly, abundant and 
inexhaustible energy resource, which is also a promising technology to satisfy 
mankind’s energy demands. Since 1950, the energy conversion efficiencies of 
solar cells have increased gradually and steadily in both crystalline Si (c-Si) solar 
cells, thin film solar cells and tandem solar cells [1]. Therefore, it is likely that 
PV energy will gradually become one of the main renewable energy sources to 
replace conventional energy sources. As a result, the PV industry needs to pay 
attention to mass production of cost-efficient solar cells.  

Among all types of solar cells, at present, p-type c-Si solar cell is the 
mainstream cell product in the PV industry due to cost-efficiency. However, in 
recent years, n-type c-Si solar cells have also developed fast. For industrial p-
type c-Si solar cell, industrial PERC (Passivated Emitter and Rear Cell [2]) cell 
has demonstrated a strong competitive power due to its easy upgrade from the 
conventional full aluminum (Al) back-surface-field (BSF) cell combined with 
superior cell efficiency. P-type PERT (Passivated Emitter and Rear Totally-
diffused [3,4]) cell (p-PERT) is another potential candidate, which is derived 
from n-PERT cell by replacing the n-type substrate with p-type substrate.  

PERC cell was originally developed by A.W. Blakers et al. [2] in the laboratory 
at University of New South Wales (UNSW) in 1989. Now, 30 years later, there 
has been continuous development both in the academia and industry aiming to 
achieve cost-efficient processes for PERC [5–16], focusing especially on the 
aspects of surface passivation by dielectrics using low temperature processes 
[6,9–13], laser ablation [14,15] and screen-printed Al local back surface field 
(LBSF) [16]. As a result, PERC cell is gradually becoming the most cost-efficient 
choice for mass production of c-Si solar cells. However, the understanding of 
the two key elements of the industrial PERC cell, i.e. rear surface passivation 
and p+-LBSF, is still thus far lacking. This lack does not refer to the 
understanding of the single process itself, but the understanding of their 
integration into the entire PERC process. Furthermore, the cell-efficiency loss 
mechanisms (especially the recombination loss mechanisms) of the industrial 
PERC still need to be further understood.  
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PERT cell was originally developed by J. Zhao and A. Wang [3,4] in UNSW in 
1992. In recent years, researchers have put a lot of efforts also into PERT cells, 
especially on industrial aspects. Most of them have been carried out using n-
type Czochralski (Cz) Si to take advantage of the high bulk minority carrier 
lifetime (τb) present conventionally in n-type substrate [17–29]. However, this 
technology faces challenges in mass production due to high cost and low 
utilization of the n-Si material. On the other hand, p-type Cz-Si with long 
enough bulk minority carrier diffusion length (LD, bulk) is also suitable for PERT 
structure. Due to the challenges in the industrialization of n-PERT, research on 
p-PERT have gradually started to take place. As compared to industrial PERC, 
the fabrication cost of p-PERT is somewhat higher due to the relatively 
immature boron (B) doping technology that is required in the process. However, 
p-PERT bifacial cells could potentially offer an attractive alternative for PV 
industry due to superior bifacial cell performance and relatively low cost. The 
processes of p-PERT are also compatible with that of n-PERT. Therefore, there 
is also a need to study the industrial p-PERT cell based on cost-efficient 
roadmaps. For PERT cell, one important aspect is B-junction (emitter or BSF), 
its passivation and metal/p+-Si ohmic contact. The other important aspect is the 
process integration of boron and phosphorus (P) junction and their passivation 
with the objective to develop cost-efficent cell process.  

Regarding boron junction formation, traditional BBr3 diffusion has shown 
excellent performance in the laboratory environment [3,4,30–32] and has also 
demonstrated a promising potential for industry [33–41]. However, its low yield 
and throughput resulting from the so-called boron-rich layer combined with 
unavoidable two-sided doping hamper its application in mass production. Ion 
implantation is a potential alternative to achieve high-quality industrial B-
junctions. Regarding B-implanted junctions, most of the previous research is 
carried out using lab-scale implanters combined with complex lab-scale cell 
processes [17,22,42–49]. Therefore, there is still a need for more systematic 
study based on industrial implanters in combination with industrial cell 
processes, aiming to evaluate and verify the true potential of the industrial solar 
cells with implanted B-junctions.  

In addition to junction formation, surface passivation is also essential for solar 
cells. Dielectrics, e.g. SiNx [50,51] Al2O3 [10–13,31] and SiO2 [2–4,30,50,52–54], 
can well combine both field-effect and chemical passivation; and as a result, 
they have been successfully applied into surface passivation of c-Si solar cells in 
both laboratories and industry. For surface passivation from solar cell operation 
point of view, the most important benchmark is to achieve a good final 
passivation, i.e. after the completion of solar cell fabrication, rather than a good 
initial or intermediate passivation. This requires design and integration of cell 
process from an overall perspective, aiming to achieve the best final passivation 
quality as well as keeping the cell processes simple enough. This also requires 
systematic studies on the changes in passivation mechanisms of the dielectrics 
during cell fabrication processes and their impact on cell performance. In this 
respect, the studies on material-level of these dielectrics is extensive, while the 
studies on cell-level, i.e. their application in industrial Si solar cells, is still thus 



Introduction 

3 
 

far somewhat limited.  
Research on bifacial solar cells can be retrospected to 1960s-1970s [55–57]. 

From then on, more and more research groups started to study bifacial cells and 
applied them into both space and terrestrial applications [19,58–65]. Bifacial 
cells can convert more electricity from sunlight since they receive incident 
sunlight from both cell front and cell rear, thus demonstrating advantages under 
various operating environments. At present, monofacial cells are still 
dominating the PV applications. However, in the long run, bifacial cells are 
likely to offer a cost-effective and competitive alternative. One advantage for 
PERC and p-PERT is that they can both be fabricated into bifacial cells, which 
also gives them broader application prospects.  

1.2 Thesis Outline  

This thesis focuses on two types of industrially most potential p-type c-Si solar 
cells, i.e. PERC and PERT, aiming to address all the issues mentioned above. 
More specifically, the core problems addressed here include boron junction 
formation as well as surface passivation (including p-type substrate and p+ and 
n+ junctions). The research work in this thesis is based on the experimental data 
obtained in the pilot and production line of commercial PV manufacturer, 
emphasizing the industrial applicability of the results. Further, by combining 
the experimental results with simulations, the thesis also explores and discusses 
the recombination mechanisms and cell-efficiency loss mechanisms of solar 
cells present in an industrial environment. Based on the obtained results, the 
thesis explores and also proposes cost-efficient and industrial roadmaps for the 
industrial p-type PERC and PERT cells. Finally, while the majority of the results 
are focusing on p-type cells, the research results can be applied to industrial n-
type solar cells as well.  

The thesis starts with introduction (Chapter 1) which is followed by the 
relevant background theory and literature review in Chapters 2 and 3, 
respectively. Chapter 4 presents the methods of experiments, characterizations 
and simulations carried out in this work. Chapter 5 summarizes the results and 
discussion. Chapter 5.1 focuses on the study of industrial PERC cell and presents 
a cost-efficient industrial PERC roadmap (Publication II-A, II-B, II-C). In 
Chapter 5.1, the key processes of ozone-based ALD Al2O3 rear surface 
passivation and screen-printed Al LBSF are studied, especially highlighting the 
importance of process integration. The cell-efficiency loss mechanisms (i.e. 
recombination, optics and series resistance) are analyzed based on some key 
characterizations combined with PC1D/PC2D simulations. Effective solutions 
are put forward to decrease cell-efficiency losses and thus to increase cell 
efficiency. Chapter 5.2 focuses on the study of B-implanted junction, junction 
passivation as well as their application into p-PERT cell (Publication I, III, IV). 
Chapter 5.2.1 studies the B-implanted junction and its passivation using in-situ 
grown SiO2 passivation, i.e. the combined effect of B-junction profile and SiO2 
passivation parameters on B-junction quality. Chapter 5.2.2 presents a novel 
and effective junction (p+ and n+) passivation scheme using SiO2/Al2O3/(SiNx) 
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stacks. The junction passivation mechanisms of SiO2/Al2O3/(SiNx) are also 
studied by characterizing the changes in both field-effect and chemical 
passivation due to different thermal processes. In Chapter 5.2.3, two p-PERT 
roadmaps are presented, which adopt the above two junction passivation 
schemes combined with the fully ion-implanted (B and P) technology. Finally, 
Chapter 6 presents an outlook for a future roadmap extending the cell efficiency 
of industrial p-type c-Si solar cells towards and beyond 24%.   
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2. Carrier Recombination Mechanisms 
and Minority Carrier Lifetime in Silicon 

2.1 Fundamental Recombination Mechanisms 

If excess charge carriers are generated in a semiconductor, either by absorption 
of light or by other energy sources, then these excess charge carriers are 
annihilated after these energy sources are switched off after some time has 
passed. This process is called as charge carrier recombination. There are 
generally three fundamental recombination mechanisms that occur in a 
semiconductor: radiative recombination, Auger recombination and 
recombination through defects in the bandgap. Based on the three fundamental 
mechanisms, surface recombination and emitter recombination also occur in a 
semiconductor.  

Radiative recombination occurs when electrons fall back from an allowed 
conduction band into a vacant valence band, which annihilates the same 
number of holes. The excess energy is released mainly in form of a photon with 
an energy close to the bandgap energy. For indirect-bandgap semiconductors 
(e.g. Si), due to the requirement of simultaneous phonon emission and/or 
absorption for conservation of momentum and energy, radiative recombination 
inherently occurs with a low probability. For direct-bandgap semiconductors 
(e.g. GaAs), radiative recombination is typically the dominant recombination 
process due to no requirement of simultaneous phonon emission/absorption.  

Auger recombination occurs when the energy released by the recombination 
of an electron-hole pair is carried off by a third free charge carrier (electron or 
hole). Similar to radiative recombination, Auger recombination is intrinsic and 
unavoidable in Si materials. Differently, Auger recombination can become the 
dominant mechanism in Si particularly at high injection levels, e.g. at high 
dopant densities in heavily doped junction regions.  

Impurities and defects within a semiconductor crystal result in allowed energy 
levels within the forbidden bandgap. Recombination through defects occurs 
when an electron relaxes down from the conduction band to the defect level and 
then from the defect level to the valence band. The theory of this mechanism 
was first developed by Shockley and Read [66], and Hall [67], thus it is also 
called as SRH recombination. The SRH lifetime depends on the injection level 
(∆n, or excess minority carrier density) of charge carries, the dopant density as 
well as defect-specific properties including the capture cross-section, the 
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concentration of the defect energy level. At lower injection levels, the effective 
minority carrier lifetime is normally dominated by SRH recombination.  

2.2 Surface Recombination  

The continuity of crystalline lattice stops at the Si surface [68], resulting in a 
large quantity of dangling bonds and thereby a high density of defects existing 
within the bandgap near the surface. Surface recombination can be regarded as 
an extension of bulk SRH recombination applied to the two-dimensional (2-D) 
surface. For a single defect at the surface, there are a large number of surface 
states at various energy levels. By integrating over the entire bandgap, the 
surface recombination rate US is given by:  

 

   (2.1) 

 
With the intrinsic carrier density ni (cm−3) in the equilibrium state, the 
concentrations of electrons (holes) at the surface ns (ps), the energies of 
conduction band (EC) and valence band (EV), the interface defect density (Dit) 
per unit energy (eV-1·cm-2). Sn0 and Sp0 are associated with the surface states 
density per unit area (Nst), the thermal velocity vth and the capture cross-
sections for electrons or holes (σn and σp) for the specific defect:  
 

     (2.2) 
 
According to Eq. 2.1 and 2.2, recombination at a surface requires the presence 

of electrons (or holes) or defect states which mediate the recombination process. 
Increasing (decreasing) in one or more of the three fundamental recombination 
mechanisms (see Chapter 2.1) can increase (decrease) surface recombination. 
Generally, there are two fundamental mechanisms to reduce US: chemical (or 
interface) passivation and field-effect passivation.   

 
i) Field-effect passivation   
According to Eq. 2.1, US is controlled by the concentration of excess minority 
carriers at the surface. Therefore, minimising the excess minority-carrier 
concentration can reduce US. Also according to Eq. 2.1, the highest US can be 
obtained when the surface concentrations of electrons and holes are 
approximately equal. In contrast, if there is significant difference of surface 
concentration between electrons or holes, US can be strongly reduced [69]. 
Field-effect passivation can be achieved by applying an electric field near the Si 
surface. Typically, stable electrostatic fixed charges in a dielectric layer can be 
used to either repel the minority carriers, or in the extreme case to invert the 
surface. Alternatively, field-effect passivation can also be achieved by doping the 
Si surface, i.e. a p-n junction or a high-low junction, to repel the minority carries.  
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ii) Chemical passivation  
The SRH recombination rate is proportional to the surface (interface) defect 
density. Chemical passivation involves reducing the Dit and/or reducing the 
capture cross-sections of surface defect states. In practice, this can be achieved 
by growing/depositing dielectrics (e.g. SiO2, SiNx or Al2O3), chemical solution 
cleaning (e.g. HF or RCA cleaning) as well as implementing hydrogen (H) 
passivation. Thereby, the surface dangling bonds are passivated.  

In real solar cells, both of the above two mechanisms co-exist to varying 
extents to reduce surface recombination, as described in Figure 2.1. 

 

 

Figure 2.1. The overall effect of the field-effect (dashed) and chemical (dotted) passivation which 
co-exist to varying extents in real solar cells to reduce surface recombination. Reprinted from Ref.  
[6], Copyright 2007, with permission from Hindawi.  

2.3 Emitter Recombination 

Emitter recombination, essentially, is caused by Auger processes, and is 
further intensified by the large number of minority carriers generated within an 
emitter region by strongly absorbing high-energy photons. It is affected by 
multiple physics mechanisms including free carrier absorption, band-gap 
narrowing (BGN), the presence of dead layers as well as diffusion related SRH 
defects. Furthermore, doping profiles are usually not uniform, and therefore the 
spatial variations in the dopant concentration should be considered. Overall, 
emitter recombination is typically lumped in with the above effects. Hence, the 
passivation quality at an emitter surface can significantly impact on the total 
recombination of the entire emitter region. The term “emitter recombination” 
is commonly used to denote recombination in any heavily doped region, 
regardless a p-n junction or high-low junction.  

Emitter saturation current density (J0e) is a commonly used to characterise 
emitter recombination, which envolves the recombination both at the emitter 
surface and within the emitter bulk. In practice, because the emitter regions are 
usually heavily doped, the minority carrier concentration in the emitter region 
remains low. Consequently, any SRH recombination at the surface will be 
injection-level independent. Additionally, Auger recombination is also likely to 
be dominant in bulk recombination. These help to simply and accurately deduce 
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J0e. The recombination lifetime in the emitter region is constant with injection 
levels, and the recombination current into the emitter, Jrec, is given by [70]: 

 
  (2.3) 

 
Where n (p) is the concentration of electrons (holes) at the interface (base side) 
of the space-charge region. Further, the recombination rate of the emitter, Uem, 
is given by:  
 

  (2.4) 

 
With the elementary charge q of an electron, and the width W of the base region. 
The other symbols have their usual meanings from above. Then, the emitter 
lifetime for an n-type and p-type Si substrate under low-injection (τem,li) and 
high-injection conditions (τem,hi) can be expressed as:  
 

  and      (2.5) 

 
Where Nb

 
is the base dopant density of the p- or n-type Si.  

In low-injection, the emitter lifetime is injection-level independent; whereas 
in high-injection, it depends on the inverse of the carrier density. This provides 
the basis for characterizing J0e developed by Kane and Swanson [70,71].  

Emitter recombination can be regarded as a special case of surface 
recombination. Assuming a virtual suface that denotes the interface (base side) 
of the space-charge region, the effective surface recombination velocity SRV (Seff) 
of this virtual surface can also characterize the emitter quality, as given by:  

 
  (2.6) 

 
For a solar cell with p- or n-type Si substrate, it simplifies to: 
 

  (2.7) 

 
Where either Nb

 
or Δn can be negligible depending on the injection-levels.  

If both J0e and the emitter doping profile are known, the effect of 
recombination at the actual emitter-surface Sn or Sp (the SRV of electrons or 
holes at the emitter surface) and recombination in the emitter-bulk on J0e can 
be separated using computer modeling. The values of Sn (Sp) extracted from 
such computer modeling depends strongly on the physical models used to 
account for the Auger, SRH and BGN processes that affect emitter 
recombination. There are multiple physical models for Auger recombination 
[72,73] as well as multiple ni values and multiple BGN models [74–79]. This 
approach is used in this thesis to study the emitters and their passivation, as will 
be futher introduced in Chapter 4.3.1.  
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2.4 The Effective Lifetime  

In practice, the above discussed five recombination mechanisms may occur 
simultaneously within a semiconductor. For independent recombination 
processes, the net recombination rate is the sum of these individual rates, 
resulting in an overall effective recombination rate Ueff. Under most practical 
circumstances, some of the recombination mechanisms contributes negligibly 
to Ueff, particularly radiative recombination. In practical research, researchers 
often aim to minimize one recombination mechanism in order to facilitate the 
exploration of another. The effective minority carrier lifetime (τeff) is used to 
explore how different these recombination mechanisms are, and how they 
combine and impact the Ueff, as given by:  

 
  (2.8) 

 
Where τAuger, τrad and τSRH are the lifetimes corresponding to Auger, radiative 
and SRH recombination, respectively. The sum of τAuger, τrad and τSRH denotes 
the total bulk recombination lifetime: 
 

  (2.9) 

 
For symmetrical lifetime structures:  
 

  (2.10) 

 
When the carrier profiles are relatively uniform throughout the samples, 

which implies a low S (i.e. SRV), Eq. 2.10 can be simplified by equating Δn=Δns: 
 

  (2.11) 

 
By applying Eq. 2.11 into a specific case of a passivated emitter, the basis of J0e 

characterizing, developed by Kane and Swanson [70,71], can be obtained (see 
Chapter 4.1.2 for details). 
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3. High Efficiency Crystalline Silicon 
Solar Cell 

Chapter 3 presents a literature review on the development of PERC and PERT 
cells, including the research results obtained in both laboratory and industry.  

3.1 Industrial PERC Solar Cell 

3.1.1 PERC Solar Cell  

PERC cell was initially developed in 1989 by A.W. Blakers et al. at UNSW [2]. 
Since then, researchers have actively attempted to apply PERC into PV industry. 
In 2002, the researchers in Fraunhofer ISE institute developed laser fire contact 
(LFC) process and applied this technology into PERC, achieving 22.1% of cell 
efficiency (ηcell) [5]. In recent years, there has been continuous development of 
cost-efficient processes for PERC [6–16,80–83], e.g. surface passivation by 
dielectrics using low temperature deposition techniques [6,9–13], laser ablation 
[14,15] and screen-printed Al LBSF [16]. In 2015, Trina Solar realized 
industrialization of PERC for the first time in the world [80], which 
demonstrated, in the production line, with ηcell of 22.13% and 21.25% on mono- 
and multi- crystalline p-Si wafers, respectively. PERC cell is now gradually 
becoming the most cost-efficient choice for mass production of c-Si solar cells.  

The structures of lab PERC and industrial PERC are shown in Figure 3.1-a and 
Figure 3.2, respectively. In general, there are the following differences:  
1. To replace high-cost lab processes with cost-efficient industrial processes: a) 
replace Si wafers from float zone (FZ) Si into Cz-Si; b) replace an inverted 
pyramid with a random pyramid; c) replace front anti-reflective coating (ARC) 
from physical vapor deposition (PVD) ZnS/MgF2 to plasma enhanced chemical 
vapor deposition (PECVD) SiNx; d) rear dielectric passivation: replace high-
temperature thermal oxidation with low-temperature dielectric deposition 
processes; e) dielectric opening: replace photolithography with laser ablation; f) 
replace PVD (evaporation) metallization (front side: Ti/Pd/Ag, rear side: Al) 
with screen-printing (front side: Ag paste, rear side: Al paste).  
2. In the lab PERC, the PVD Al with ~400°C post metallization anneal (PMA) 
does not have the function of p+-BSF, but only serves as rear local contacts. 
While in the industrial PERC, the screen-printed and RTP (rapid thermal 
processing) fired Al (real peak firing temperature Tpeak=~720-750°C , time: 2 to 
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4 sec) serve as both p+-LBSF and rear local contacts due to the properties of Al 
(dopants and metallization) after screen-printing and firing. From an essential 
perspective, the industrial PERC cell is the same as the lab PERL (passivated 
emitter and rear locally-diffused [3], Figure 3.1-b) cell in terms of cell structure. 
For the industrial PERC, the p+-LBSF is achieved by Al doping; while for the lab 
PERL, the p+-LBSF is achieved by boron doping. On the other hand, the 
industrial PERC is different from the lab PERC in cell structure, which brings 
about important impacts on cell device design, as discussed in the following.  

Even though the PVD Al with a PMA of ~400°C in the lab PERC has a lower 
SRV than the screen-printed and fired Al due to higher purity, it has no function 
of BSF and thus cannot suppress the recombination of minority carriers in the 
cell rear. These rear local Al contact regions work like sinks to suck the photo-
generated minority carriers towards these regions to recombine. Therefore, it 
depends strongly on the rear dielectric passivation level in order to achieve a 
low rear (back) SRV (BSRV), which also makes the design window of cell-rear 
parameters narrower. Further, to avoid the minority carriers to recombine at 
the rear contact regions, the rear contact pitch has to be designed far apart so 
that the minority carriers have to travel a long distance, longer than the LD, bulk, 
to reach the rear contact regions. However, a long distance of the rear contact 
regions negatively impacts the collection of the photo-generated majority 
carriers, resulting in a high lateral transportation resistance. This contradictory 
needs to be consolidated to reach a tradeoff. Note that, due to a much smaller 
dimension than the contact pitch and LD, bulk, the size of rear contact window was 
not that critical for determining the total recombination in the lab PERC cell.  

  

 
(a)                                      (b) 

Figure 3.1. Schematic drawing of (a) the lab PERC cell (Reprinted from Ref. [2], Copyright 1989,  
with permission from AIP Publishing LLC) and (b) the lab PERL cell (Reprinted from Ref. [3], 
Copyright 1999, with permission from John Wiley & Sons, Ltd).  

 

Figure 3.2. Schematic drawing of the industrial PERC cell. Reprinted with permission from 
Haibing Huang, Jun Lv, Yameng Bao, Rongwei Xuan, Shenghua Suna, Sami Sneck, Shuo Li, 
Chiara Modanese, Hele Savin, Aihua Wang, Jianhua Zhao, 20.8% Industrial PERC Solar Cell: 
ALD Al2O3 Rear Surface Passivation, Efficiency Loss Mechanisms Analysis and Roadmap to 24%, 
Solar energy materials and solar cells, Volume 161, March 2017, Pages 14-30. Copyright 2016, 
with permission from Elsevier.  
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For the industrial PERC cell, due to the multi-functions of LBSF and rear local 
contacts using screen-printed and fired Al, the design tolerance of rear local 
contact pattern (pitch and fraction, especially the former) is clearly broad. This 
will be further discussed in detail in Chapter 3.1.3.  

The two key design elements for industrial PERC are rear surface passivation 
and p+-LBSF (also rear local contacts), as will be introduced in the following.  

3.1.2 Surface Passivation 

Reducing surface recombination velocity is essential for solar cells. Field-effect 
and chemical passivation are two fundamental mechanisms of surface 
passivation. By applying dielectric passivation on surface of solar cells, the 
above two mechanisms can be well combined with each other for reducing SRV. 
Typical dielectric passivation films are SiO2 [2–4,30,50,52–54], SiNx [50,51] 
and Al2O3 [10–13,31]. Since the Dit and fix charge density (Qf) are usually 
different among various dielectrics, the proportion of field-effect or chemical 
passivation in the overall surface passivation is also different among various 
dielectrics.  

It is important to consider the application of dielectric passivation into 
practical solar cell processes. Usually, dielectric passivation is in the middle of 
the entire processing steps in cell fabrications. These processes might damage 
dielectrics and thus decrease passivation quality. For surface passivation of 
solar cells, the most important benchmark is to achieve a good "final” 
passivation, i.e. after co-firing for Si solar cells with screen-printed contacts, 
rather than a good initial or intermediate passivation. Hence, it is important to 
maintain or even enhance their passivation quality in the subsequent processes 
after surface passivation, which includes thermal treatments (e.g. RTP firing), 
dielectric opening (e.g. laser ablation) and metallization (e.g. screen printing).  

In the follow, we briefly introduce this sub-topic.  

3.1.2.1 SiO2  
Thermally grown silicon dioxide (SiO2) has demonstrated excellent passivation 
on both n-Si (including n-type Si substrate and n+ junction) or p-Si (p-type Si 
substrate and p+ junction) due to an extremely low Dit of 109-1010 cm-2·eV-1 and 
an moderate positive Qf in the magnitudes of ~1010 cm-2 [30,50,53,84–89]. In 
the last decades, it has been successfully applied into surface passivation of c-Si 
solar cells in the lab research [2–4,30,50,53], e.g. PERC, n-PERT, PERL and 
IBC (Interdigitated Back Contact) cell [52,53,90]. PECVD SiOx is a potential 
candidate for PV industry due to high deposition rates and low process 
temperature (<450°C). Typically, a single-layer PECVD SiOx in the as-deposited 
state has a Dit of ~1011 eV-1cm-2 and a positive Qf of ~1011 cm-2 [91–93]. A 
subsequent post-anneal in inert gases or in forming gas can effectively improve 
its passivation quality by reducing the Dit (~1011 eV-1·cm-2) at Si-SiO2 interface 
and adjusting the Qf (~1011 cm-2) in the interface [94]. During the post anneal, 
the atom H in the SiOx or in the forming gas can diffuse into the SiOx/Si interface 
and Si bulk to passivate the dangling bonds at surface and defects in Si bulk.  
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3.1.2.2 SiNx 
In the last decades, many studies have proven the capability of SiNx on surface 
passivation of n-Si, as now widely used in passivation of n+-emitter of industrial 
c-Si solar cells [50,51] PECVD SiNx is typically processed in a temperature-range 
of 250 to 450 oC and a pressure of 100-300 Pa, which can provide excellent 
surface passivation on n-Si with a wide range of doping level due to a medium 
level of Dit (~1011 cm-2) and a slightly strong positive Of (1011-1012 cm2) [50,51]. 
Furthermore, a subsequent RTP anneal can help atomic H in SiNx to diffuse into 
SiNx/Si interface and Si bulk, which can further passivate dangling bonds at Si 
surface and defects in Si bulk [50]. PECVD SiNx usually cannot effective 
passivate p-Si due to its high positive Qf, and leads to junction shunting effect. 
However, in Chen’s work [95], they found that PECVD SiNx can also well 
passivate p+-emitter when the films have appropariate Si-N bond density and 
adequate post deposition thermal treatment.  

3.1.2.3 Al2O3  
Al2O3 passivation can achieve the lowest SRV on p-Si due to excellent field-effect 
passivation (negative Qf=1012-1013 cm-2) in combination with superior chemical 
passivation (Dit≈1010 cm-2·eV-1) [12,13]. Furthermore, its good low-light 
performance, anti-ultraviolet radiation and resistance to humidity brings 
benefits to module performance in different environments [11]. In 2008, J. 
Benick and B. Hoex firstly successfully applied atomic layer deposition (ALD) 
Al2O3 into B-emitter passivation and n-PERT cell, with 23.2% of ηcell [31]. In 
2010, the ηcell was improved to 23.9% by Frauhofer ISE using n-PERL structure 
with Al2O3 passivated B-emitter [32]. The industrial PERC cells developed by 
Trina Solar in 2015 were also processed using Al2O3 passivation [80]. In recent 
years, Al2O3 passivation has gradually become the mainstream technology for 
surface passivation of p-Si in both lab and industry.  

In principle, there are some alternative techniques to synthesize Al2O3, such 
as ALD, PECVD, atomosphere pressure chemical vapor deposition (APCVD), 
PVD [10,11,96–101]. Among all the techniques, ALD is a promising candidate 
for industry due to advantages such as mono-layer film growth control, pinhole-
free coating, good step coverage and low substrate temperature [11]. ALD is a 
modification of conventional chemical vapor deposition (CVD). In an ALD 
process, the two reaction chemical precursors are alternating into the vacuum 
chamber to react at the substrate surface, thus to achieve a mono-layer growth-
controlled (precisely controlling at atomic scale) and surface self-limited 
reaction. The basic feature is illustrated in Figure 3.3. For ideal ALD process, 
the reaction should only react on the substrate surface [96] rather than in the 
gas phase like in CVD process. Typically, there are two types of ALD: batch ALD 
and spatial ALD. For batch ALD, there are two types: thermal ALD and plasma-
assisted ALD. Regarding batch ALD, the wafers are uploaded in a reaction boat 
which is placed horizontally or vertically in a vaccum chamer. The depostion 
pressure for batch ALD is typically in the range of 100-500 Pa. In order to realize 
ideal ALD process, the time and flow of the sub-steps of inert-gas (N2) purge 
between the substeps of each adjacent precursor-dosing are set sufficient for the 
clean purge and complete separation of each ALD precursor to avoid CVD 
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growth. One the other hand, spatial ALD is processed at atmosphere pressure 
by transferring wafers one by one into a reaction chamber. Typically, the wafers 
are carried by high-purity N2, which also isolates each sub-ALD-step between 
each other to realize ideal ALD process.  

 

 

  

Figure 3.3. A typical cycle of ALD Al2O3 process. The expose of Al (CH3)3 and H2O (or O3) on the 
substrate is separated by a purge step, where the inner gas (N2) is used to empty the by-products 
and un-reacted precursors. Reproduced from Ref. [102], Copyright 2011, with permission from 
the Royal Society of Chemistry.  

In recent years, there has been rapid progress in terms of the industrial Al2O3 
tool such as PECVD (Roth & Rau or Meyer burger) [97,98], batch ALD (Beneq 
and ASM), inline spatially ALD (Levitech, Solaytec and Idealenergy) [99,100] 
These Al2O3 tools have demonstrated good industrial potential, although they 
still need to be further improved from industrial perspectives including wrap 
around effects, low throughput and still somewhat high process cost (e.g. TMA 
utilization, consuming of high-purity N2, wafer breakage and tool uptime). The 
competition among various suppliers also boosts the continuous improvement 
of the industrial Al2O3 tools, thus continuously decreasing the process cost.  

 
3.1.2.4 Dielectric stacks passivation  
Single layer dielectric passivation such as Al2O3 or SiO2 tends to suffer from 
firing stability issues [11,69,103–106]. This means that a high intermediate 
passivation level during cell processes can be obtained, but it cannot be 
maintained when cell fabrication is completed. Previous studies indicate that 
the poor firing stability of thin Al2O3 (< 20 nm) is attributed mainly to an 
increase in Dit while the Qf of Al2O3 is found to be less affected [11,103]. Further, 
the increased Dit is due to dissociation of interfacial Si–H bonds at elevated 
temperatures [107]. A thicker Al2O3 (e.g. >30 nm) can improve firing stability 
to some extent; such thick Al2O3 films, however, suffer from blistering [108,109] 
issues and are not cost-efficient.  

Dielectric stacks, e.g. SiO2/SiNx, Al2O3/SiNx, can guarantee or even improve 
the final passivation quality of solar cells, which is attributed mainly to 
hydrogen passivation provided by the stacks [11,104,107,110–112]. The concept 
of dielectric stacks passivation is widely used in various structures of c-Si solar 
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cells [6,9,10]. For these dielectric stacks, the film (the first layer) close to the Si 
surface normally plays a key role in surface passivation due to a good 
combination of field-effect and chemical passivation. Further, the film above the 
first layer can assist and enhance the overall surface passivation due to either 
an improvement on the chemical passivation or an enhancement on the field-
effect passivation. Additionally, dielectric-stacks passivation should consider 
the optical performance of solar cells. For example, dielectric stacks on cell rear 
should provide a good light trapping in order to well take advantage of the long-
wavelengths light for decreasing parasitic absorption.  

Al2O3/SiNx is typically applied into rear surface passivation of industrial PERC. 
In this application, the most important function of SiNx is to maximize 
protection of Al2O3 from the penetration and damage by the screen-printed and 
fired Al paste. Furthermore, PECVD SiNx process can help to activate the Al2O3 

passivation. Additionally, this SiNx capping layer also improves the firing 
stability of Al2O3 due to H passivation [9,107,113], as well as improves the 
internal reflection of light compared to direct metallization on Al2O3 [6].  

SiO2/Al2O3 stacks is another candidate with a good firing stability, which have 
been recently studied by some groups. According to Ref.s [114–118], the space-
charge field can be regulated via tuning the effective charge density (Qeff) of the 
whole stacks by changing the SiO2 interlayer thickness (dSiO2). Furthermore, 
SiO2/Al2O3 can provide H passivation and thus a good chemical passivation of 
the Si interface [93,119–121]. The interfacial SiO2 is crucial for the excellent 
chemical passivation [11,13,122,123], and it can be either grown in-situ during 
ALD and post-anneal or grown ex-situ using a separate process of thermal 
oxidation, ALD, PECVD and chemical oxidation [11,13,115,117,122,124]. Thus, 
due to an excellent chemical passivation combined with a weak field-effect 
passivation, SiO2/Al2O3 can well passivate both n-Si [93,116,125–127] and p-Si 
[116,117,128], which may bring a clear cost benefit in various structures such as 
IBC [53] and PERT [3,4] cells.  

In this thesis, different dielectric stacks are applied into surface passivation of 
the industrial cells, i.e. Al2O3/SiNx for rear surface passivation of the industrial 
PERC (Publication II-A, II-B and II-C), and SiO2/SiNx or (SiO2)/Al2O3/(SiNx) 
for junction passivation of the industrial p-PERT (Pulication III and IV).  

3.1.3 LBSF and Rear Local Contact  

In principle, PERC cell can be regarded as being composed of two types of sub-
cells in parallel. One sub-cell is a cell passivated with a low-SRV dielectric at the 
rear, and the other is a cell of rear local contacts (for industrial PERC: also 
LBSF). As above discussed, the PVD Al with ~400°C PMA in the lab PERC does 
not have the function of p+-LBSF, but only acts as rear local contacts. While in 
the industrial PERC, the Al paste serves as both p+-LBSF and rear local contacts 
due to the properties of Al dopants and Al metallization processed by screen 
printing and RTP firing.  

From the perspective of device design, the screen-printed Al LBSF in the 
industrial PERC, on the one hand, should be effective enough for supressing the 
minority carries from recombining at the cell rear [129]. On the other hand, rear 
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side metallization should also be optimally designed and processed to well 
balance rear surface recombination and ohmic contact as well as series 
resistance (Rs). For the industrial PERC, due to the multi-functions of LBSF and 
rear local contacts using the screen-printed and fired Al, the design torlerance 
of the rear contact pattern is relatively broad. The pitch or fraction of rear local 
contacts (LBSF) can be flexibly designed and broadly adjusted. Furthermore, in 
the lab PERC (without LBSF), p-Si substrates with a low bulk resistivity (ρb) is 
a must to maintain a high enough Voc; while for the industrial PERC (with LBSF), 
the tolerance for ρbulk on rear contact pattern is somewhat broad. Additionally, 
for the design of rear local-contact arrays, point- or segment-arrays normally 
have advantage over line arrays because the former can achieve an equivalent 
low Rs with a lower contact fraction, as well as a lower BSRV. In mass production 
however, line- or segement-design are more suitable due to a wider process 
tolerance for both laser ablation and Al screen-printing.  

The key requirement of rear dielectric opening for PERC is to achieve narrow 
dimension (e.g. 20-30 um, depending on the tool capability) of local contact 
pattern. Laser ablation is commonly used for dielectric opening due to its 
capability to achieve this goal using cost-efficient process. Laser ablation of 
dielectrics is based on the difference of absorption of laser radiation by Si and 
dielectrics (Al2O3, SiNx or SiO2), as well as the lift off of these layers due to 
expansion of the molten Si underneath. One challenge is to selectively remove 
dielectrics without inducing a significant level of crystal damage in Si due to 
lower absorption coefficients of these dielectrics as compared to the underlying 
Si. It is therefore important to precisely adjust the laser energy through 
optimizations of laser process parameters. Usually, laser tools using ultra-short 
pulse duration in pico-second range are most promising to achieve this goal due 
to less thermal-induced heating, melting and debris around regions [7,83,130–
135]. Recent research results indicated that nano-second laser can successfully 
achieve this goal as well via process optimization [82,130,134–137].  

One challenge for screen-printed Al LBSF process is the existence of Al-Si 
voids in the contact areas [138–143] The formation mechanism of Al-Si voids 
can be explained by [142]: 1) The Kirkendall effect (the higher diffusivity of Si 
in Al than the diffusivity of Al in Si in Al-Si alloys) results in too low 
concentration of Si in the Al matrix so that the diffusion of Si back through Al-
Si interface during cooling is not enough to form effective Al-Si eutectic and 
LBSF; 2) The strong mass transport of the Al-Si melts during alloying due to too 
high volume of Al; 3) Too fast cooling process to follow the principle of Al-Si 
phase diagram. A further deep discussion on the Al-Si voids can be found in Ref. 
[142].  

In summary, due to the multi-functions of LBSF and rear local contacts, 
screen printing Al metallization process is critical for cell performance of the 
industrial PERC. Several key points are: 1) good-quality p+-LBSF for 
suppressing recombination of minority carrier; 2) penetration through and 
damage by the screen-printed Al paste on the rear dielectrics as less as possible, 
3) to address the problem of Al-Si voids.  
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3.1.4 State of the Art and Challenges   

Generally, the main challenges for industrial PERC cell are: 1) cost-efficient rear 
surface passivation process (e.g. Al2O3); 2) the screen-printed Al-Si voids issue 
and corresponding solutions; 3) the integration of the key processes (rear 
surface passivation, laser ablation and screen-printed Al LBSF) into the cell 
process; 4) a further understanding on the cell-efficiency loss mechanisms.  

Until now, most of the research on Al2O3 passivation has mainly focused on 
the Al2O3 process itself or some closely relevant processes (e.g. post-anneal, 
dielectric patterning) [10–13], while its integration into the cell process (e.g. the 
industrial PERC) has not been studied in detail. For Al2O3 passivation on Si solar 
cells with screen-printed contacts, the goal is to achieve the best “final” 
passivation, rather than a good initial or intermediate passivation. The 
understanding on such global concept is thus far lacking. Further, most previous 
research results indicate that post anneal is an essential prerequisite to activate 
Al2O3 passivation due to the overall control of Qf and Dit [11,144]. Thereby, it is 
important to consider that the accumulated thermal budget of the whole post-
Al2O3 cell process should be regarded as an overall “post-anneal”, which can 
impact either positively or negatively on the final passivation of Al2O3. In 
summary, the main challenges for Al2O3 rear surface passivation on industrial 
PERC are: 1) How to improve the poor firing stability of Al2O3? 2) How to take 
advantage of the whole post-Al2O3 thermal process to well activate and maintain 
its good passivation level? 3) How to minimize the damage of the screen-printed 
and fired Al paste on Al2O3/SiNx? 4) To decrease cell fabrication cost, e.g. use of 
low cost Al precusor.  

Regarding the LBSF and rear local contacts, one important aspect is to 
implement accurate dielectric opening using laser ablation with the objective to 
achieve uniform and smaller dimensions as well as less laser induced crystal 
damage on the Si substrates. Note that the research on laser ablation is not the 
emphasis in this thesis. Another important aspect is to minimize the Al-Si voids 
problem. This requires systematical study for investigating the design of rear 
local contact pattern, the Al paste and the screen-printing and firing processes, 
as well as the integration of them.  

Even if some studies have attempted to analyze the ηcell loss mechanisms of 
the lab and industrial PERC cell [145–150], the ηcell loss mechanisms (especially 
the recombination loss mechanisms) of the industrial PERC need to be further 
understood. The main interesting questions are: 1) How does FSRV, LD, bulk or 
BSRV play their roles in impacting cell performance and which recombination 
component dominates in the whole cell recombination under different cases? 2) 
How to further reduce the recombination in rear local contact regions and the 
corresponding gain on cell performance? 3) On the basis of the above, the 
integration of the key processes into the entire PERC process still needs to be 
developed.  

In addition, it is well-known that so-called LID (light induced degradation)  
[151–153] and LeTID (light and elevated temperature induced degradation)  
[154–164] have recently gained a lot of attention in p-type Si solar cells. 
Publication II presents results on the well-known boron-oxygen (B-O) complex 
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(BO-LID) and related anti-LID treatment of the industrial PERC cells. LeTID, 
on the other hand, is not studied in this thesis as it is more complex and novel 
degradation mechanism and would require a separate and systematic study to 
make solid conclusions. Furthermore, the root cause for LeTID remains 
unknown at the moment, although there are indications of involvement of 
hydrogen, metal (e.g. nickel or copper) and/or related firing parameters in the 
recent literature [154–164].  

3.2 Industrial p-PERT Solar Cell  

3.2.1 PERT Solar Cell  

PERT cell was initially developed by J. Zhao and A. Wang at UNSW in 1990s 
[3,4]. They firstly applied PERT structure into p-type FZ Si substrates and 
achieved ηcell of 24.5% [3,4]. Based on this, they developed PERL cell with ηcell 
of 24.7% in 1999 [3] and a updated ηcell of 25% in 2010 by a recalibration of the 
standard spectrum [165]. Then, they applied PERT structure into n-type FZ Si 
substrates in 2005, demonstrating ηcell of 22.7% [3,4]. In their work, a BBr3-
diffused homogenous B-emitter, passivated with SiO2, was placed at the cell rear. 
Based on their work, J. Benick and B. Hoex developed n-PERT (ηcell=23.2%) 
with Al2O3 passivated front B-emitter in 2008 [31], which was updated with 
ηcell=23.9% (n-PERL cell) in 2010 by S.Glunz [32]. In recent years, researchers 
have devoted efforts into PERT towards industry, most of which were carried 
out using n-type Cz-Si to take advantage of the high τb [17,18,27–29,19–26].  
During ~ 2010-2015, Suniva [20,24,26], BOSCH Solar [21,28] and LG 
electronics were the leading companies working on the industrial n-PERT. 
However, the n-PERT technology has faced challenges in mass production due 
to high cost and low ingot utilization of the n-Si material. On the other hand, p-
type Cz-Si with long enough LD, bulk is also suitable for PERT. Due to the 
challenges on the industrialization of n-PERT, research on p-PERT have 
gradually started to take place. For instance, in 2012, bSolar developed 
industrial p-PERT cells and brought this technology to the market [166]. Then, 
after insolvency, the same consortium founded SolAround, which began to 
commercialize this technology with an Asian partner [167,168]. As compared to 
industrial PERC, the fabrication cost of p-PERT is somewhat higher due to the 
introduced relatively immature B-doping technology. However, p-PERT cells 
have the following benefits: 1) under the premise of the same front-side 
efficiency, B-doped BSF provides higher rear-side efficiency (thus higher 
bifaciality factor [169]) than Al doping; 2) the cell processes of p-PERT are 
compatible with that of n-PERT.  

The schematic diagrams of PERT bifacial cell (p-Si or n-Si substrate) using 
screen-printing roadmap are shown in Figure 3.4. Passivated p+- and n+-
junctions are placed on each sides of cell. Here, the process compatibility 
between the p-PERT and n-PERT means that the same roadmap can realize 
both of them. There is still some difference in working principle between the 
cells with the emitter placed at cell front or at cell rear. Here, an example of p-
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PERT cell structure is given. For p-PERT with n+-emitter at cell front, photo-
generated carriers are mainly separated at cell front, and consequently, it 
mainly utilizes the short wavelength of sunlight; while for p-PERT with n+-
emitter at cell rear, photo-generated carriers are mainly separated at cell rear, 
and as a result, it mainly utilizes the long wavelength of sunlight and depends 
much on the LD, bulk of n-Si wafers. In addition, it was verified in the author’s 
PC1D simulation results that cell performances of the p-PERT and n-PERT cell 
presented in Figure 3.4 are in equivalent levels provided that equivalent levels 
of LD, bulk and b of p- and n-Si wafers are used.  

 

  

Figure 3.4. The schematic diagram of the p-PERT bifacial cell. The substrate can also be 
changed into n-Si, and the rear surface can be textured or planar. a) n+-emitter is placed at cell 
front, b) n+-emitter is placed at cell rear.  

Here, it is worth stressing that, in comparison with PERC, PERT cell provides 
another alternative roadmap for industrial Si solar cells. With continuous 
development on the industrial B-doping technologies as well as other new 
technologies, the fabrication cost of PERT will decrease continuously. Since PV 
industry grows fast, in the long run, it is fully feasible to co-exist different cell 
structures of cost-efficient industrial solar cells by using various new techniques, 
which will altogether boost the progress of solar energy. In addition, p-type Si 
solar cells are currently more cost-efficient than n-type Si solar cells due to lower 
fabrication cost and higher ingot utilization. In the long run, the fabrication cost 
and ingot utilization of n-Si wafers can be further improved, which can greatly 
boost development on n-type Si solar cells.  

For PERT cells, one important aspect is B-junction, its passivation and 
metal/p+-Si ohmic contact. The other is process integration of B- and P-junction 
and junction passivation. In this following, we give a brief introduction.  

3.2.2 Boron Junction and Its Passivation  
Boron tribromide (BBr3) liquid source diffusion was first successfully applied 
into lab research of c-Si solar cells by J. Zhao and A. Wang in 1990s [3,4,30] 
Based on their work, many research groups continued to study BBr3 diffusion 
both in lab and towards industry. In general, BBr3 diffusion has shown excellent 
performance in the lab environment [3,4,30–32] and has also demonstrated a 
promising potential for PV industry [33–41]. However, two disadvantages 
hamper its application in mass production. One is two-sided doping, which 
requires an additional isolation step for single-sided and edge junction removal, 
and thus makes cell process (e.g. PERT) rather complex. The other is harmful 
boron-rich layer (BRL) [34,35] which results in a “dead layer” at the junction 
surface, and thus reduces junction quality. In lab, the BRL issue can be 
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effectively addressed by a combination of the following three approaches: 1) an 
optimized BBr3 diffusion process: a screen SiO2 of ~10-15 nm at the beginning 
and an in-situ oxidation sub-step at the end of the diffusion process for 
segregating B dopants from BRL into SiO2, 2) another separate low temperature 
(600-700°C) thermal oxidation for the same purpose, and 3) chemical etching 
using a NAOH (KOH) solution. These solutions, however, are not effective and 
suitable from an industrial (cost and yield) perspective. In recent years, to 
overcome the above issues, there has been also continuous progress on other 
potential B doping techniques, such as screen printing B paste [170], inkjet 
printing [171], laser doping [172], CVD of borosilicate glass (BSG) with a furnace 
drive-in including APCVD [52,74,90,173,174].  

One promising doping technique to address the high quality B-junction 
requirement is ion implantation technique. The junction doping technique 
using ion implantation offers many advantages such as flexibility in tailoring 
dopant profiles, formation of uniform single-side junction, elimination of glass 
removal and edge isolation steps and ability of in-situ masking for alternative 
doping. Ion implantation was first applied in Si solar cell in 1960s-1980s [175–
177] although at that time it did not reach widespread adoption due to high tool 
costs. However, with recent developments on more cost-efficient implanter by 
several suppliers (e.g. Varian, Intevac, Kingston), a second fast-developed 
period for PV application of ion implantation occurred in 2010s, which also 
provided a promising improvement on the cost-efficient phosphorus doping 
process and the cell efficiency on the industrial full Al BSF Si solar cell [178–
180]. At present, ion implantation has demonstrated improvements in all areas 
of cost, efficiency, quality and reliability of solar cell fabrications. Regarding B-
implanted junction, most of the previous research is focused on lab-scale 
[17,22,42–49], which are mostly carried out using lab-scale implanters 
combined with complex lab-scale cell processes. Although there are promising 
studies considering the industry aspects as well [23–27,181,182] there is still a 
need for more systematic study on the implanted B-junctons and solar cell 
properties. Such study is needed to implement the cost-efficient roadmap 
consisting of fully ion-implantation and screen-printing technologies.  

As introduced in Chapter 3.1.2.3, Al2O3 can achieve the best passivation on p+-
emitter due to a strong field-effect passivation combined with a superior 
chemical passivation. Due to such excellent passivation on p+-emitter, Al2O3 has 
dominated the recent research efforts [10,11]. For B-junction passivation in 
PERT, Al2O3 (or Al2O3/SiNx) is one candidate but not the only. As introduced in 
Chapter 3.1.2, SiO2-based stacks, i.e. SiO2/SiNx or SiO2/Al2O3/SiNx, is also a 
promising candidate for B-junction passivation. It is worth stressing that, by 
combining ion-implantation doping, SiO2 can be in-situ grown during the post 
implantation anneal (hereinafter denoted as PIA). Further, taking junction and 
its passivation as a whole, ion implantation combined with in-situ oxidation 
anneal can form junction doping and its passivation using less steps, which can 
simplify cell process such as PERT and IBC [52,53,90]. In this respect, junction 
profiles and SiO2 thickness can be co-designed through tuning implantation and 
PIA parameters, which is another important merit of this technique.  
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3.2.3 Integration of Junction Doping and Junction Passivation  

Commonly used junction processes are: a) furnace diffusion (BBr3/POCl3), b) 
ion implantation and furnace anneal and c) APCVD doping (BSG/phosphorus 
Si glass PSG) and furnace drive in, based on which several typical alternative 
paths for PERT with rear p+-junction and rear textured-surface are presented in 
Figure 3.5. It is seen that the complexity of PERT process mainly depends on 
the complexity of process integration of junction doping and their passivation.  

Regarding furnace diffusion, it is difficult to avoid two-sided doping. For 
PERT cell using both BBr3- and POCl3-diffusion, extra steps for isolation of the 
p+- and n+-junctions have to be implemented, which may include growing and 
then removing a mask film between BBr3 and POCl3 diffusion and an edge 
isolation (laser or plasma etching). This makes the cell process rather complex 
and thus increases the fabrication cost. Here, it is worth stressing that, from an 
industrial (yield) perspective, BSG may not effectively prevent the phorsphorus 
dopants diffusing (during POCl3 diffusion) into the BBr3-diffused junction due 
to the un-uniform property of BSG film. In terms of APCVD dopoing (both batch 
and in-line APCVD), it has wrap around effects to some extent and still cannot 
fully achieve single-sided doping, thus requiring an extra edge-isolation step as 
well. In comparison, ion implantation can well achieve single-sided doping to 
eliminate both edge isolation and diffusion mask layers.  

The process integrate of junction doping and their passivation is also 
important, which is aimed to achieve a cost-efficient cell process. In general, it 
is difficult to simplily conclude that which junction passivation technique is 
most suitable for PERT because different junction doping techniques require 
different passivation techniques for cost-efficiency. This may be different case 
by case. Usually, low temperature dielectric deposition techniques are preferred. 
A special case is that, by using ion implantation combined with in-situ oxidation 
anneal, B- and P-junction doping and their passivation can be formed using less 
steps, thus clearly simplifying PERT cell process (Figure 3.5).  

Overall, ion-implantation doping combined with suitable junction passivation 
techniques can realize simple and cost-efficient PERT process in comparison 
with furnace diffusion or APCVD doping.  
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(a)                                 (b) 

 
(c)                               (d) 

 
(e)                               (f) 

Figure 3.5. Several typical alternative paths for PERT cell presented in Figure 3.4-a (with rear 
textured surface). a) BBr3 and POCl3 diffusion, b) BBr3 diffusion and phosphorus implantation, c) 
and d): B and P implantation (separate anneal or co-anneal), e) and f): APCVD BSG/PSG plus 
furnace drive in (separate drive in or co-drive in). 
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3.2.4 State of the Art and Challenges  

At present, most research on PERT is carried out using n-type Cz-Si wafers. The 
attention on p-PERT is still not enough. However, n-PERT faces challenges in 
mass production. Therefore, it is necssary to study cost-efficient industrial p-
PERT cells, which can also boost the progress of industrial p-Si solar cells.   

Secondly, the main difficulty of industrial PERT technology lies in the 
development of cost-efficient techniques of B-junction doping and junction 
passivation. At present, BBr3 and POCl3 diffusion are more commonly used, 
which makes cell process complex. Due to the advantages of ion implantation, 
it is useful to study industrial p-PERT cells using fully ion-implantation (B and 
P) technology for cost-efficiency. Regarding the passivation techniques for p+- 
and p+-junction, dielectrics of Al2O3-based (Al2O3/SiNx), SiO2-based (SiO2/SiNx 
or SiO2/Al2O3/SiNx) and SiNx-based stacks are good candidates. The key is to 
well integrate dielectric passivation process into the entire PERT process for 
best exploiting its final passivation and achieving a cost-efficient cell process.  

In summary, it is useful to study the industrial p-PERT cells towards more 
cost-efficiency, i.e. B-junction doping and its passivation, as well as the 
integration of junction doping and junction passivation into p-PERT process.  
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4. Experimental, Characterization and 
Simulation Methods  

4.1 Experimental  

4.1.1 Wafer Information 

For the research on the industrial PERC cell (Chapter 5.1), including the 
minority carrier lifetime (hereinafter shortened as lifetime) experiments (Al2O3 
passivation on p-Si) and cell experiments, p-type B-doped Cz-Si wafers were 
used, with b≈2-3 Ω·cm. The wafers are industry-standard, pseudo-square 6-
inch (cell area= 242.2 cm2) and are taken from the same Si ingot.  

Regarding the research of the industrial p-PERT cell (Chapter 5.2), for the 
lifetime experiments (implanted B-emitter and its passivation), pseudo-square 
6-inch Cz n-Si wafers were used, which have b≈2 Ω·cm and are from the same 
ingot. For the P-emitter lifetime experiments and cell experiments, the 
industrial-standard pseudo-square 6-inch Cz p-Si wafers were used, which have 

b=2-3 Ω·cm and are taken from the same ingot.  
All the wafers used in this work have a starting thickness of ~ 190 μm. The 

number of lifetime and cell samples are 5 and 25-30 for each group, respectively.  

4.1.2 Minority Carrier Lifetime Experiments 

In this thesis, lifetime experiments were performed to investigate the quality of 
junction or surface passivation, which is evaluated from J0e, implied-Voc and τeff. 
Chapter 5.1.1 (Publication II-A and II-B, industrial PERC) investigates the 
Al2O3/(SiNx) passivation quality on p-Si substrates. Chapter 5.2.2 (Publication 
I, III and IV, industrial p-PERT) investigates the junction (p+- or n+-emitter) 
quality passivated with SiO2 or (SiO2)/Al2O3/(SiNx) stacks.  

4.1.2.1 Surface passivation of p-Si using Al2O3/SiNx stacks 
The procedure of the lifetime experiments of Al2O3 passivation on p-Si 
substrates is shown in Figure 4.1. ALD Al2O3 and PECVD SiNx were 
symmetrically processed on both sides of the samples. Process parameters of 
Al2O3, post Al2O3 anneal and PECVD SiNx were varied. In this work, ALD Al2O3 
was processed using Beneq’s industrial P800 batch ALD tool. The chemical 
precursors are Al(CH3)3 trimethylaluminum (TMA) and ozone (O3). Post Al2O3 
anneal was implemented in a tube furnace or an RTP firing furnace (Despatch’s 
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Untra-flex furnace), with the real Tpeak of ~750°C, belt speed of ~ 6250 cm/min 
and in compressed air. 
 

 

Figure 4.1. The procedure of lifetime experiments of Al2O3 passivation on p-Si substrates in 
Chapter 5.1.1. Because lifetime cannot be conveniently measured after metallization, two groups 
were separated in the experiments: one group went directly into the firing step without screen-
printed Al paste, while the other group (optional) was measured after screen printing Al paste, 
firing and Al paste removal. Reprinted with permission from Haibing Huang, Jun Lv, Yameng Bao, 
Rongwei Xuan, Shenghua Suna, Sami Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua 
Wang, Jianhua Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, 
Efficiency Loss Mechanisms Analysis and Roadmap to 24%, Solar energy materials and solar 
cells, Volume 161, March 2017, Pages 14-30. Copyright 2016, with permission from Elsevier.  

4.1.2.2 Junction quality of B-implanted emitter passivated with in-situ grown 
SiO2  
Symmetrical p+np+ samples were prepared to investigate the B-emitter quality. 
Implantation and PIA parameters were varied. After saw damage removal (SDR) 
using NAOH solution and a pre-implantation cleaning (HCl-HF solution), B 
implantation was performed using Intevac’s ENERGi implanters and it was 
followed by a PIA in a tube furnace. Lifetime was measured after the PIA.  

4.1.2.3 Junction quality of p+- or n+-emitter passivated with 
(SiO2)/Al2O3/(SiNx) stacks 
The sequence of the lifetime experiments is shown in Figure 4.2. Symmetrical 
p+np+ (n+pn+) samples were prepared to investigate the passivation quality of p+ 
(n+) emitters. After SDR using NAOH solution and a pre-cleaning using HCl-HF 
solution, B or P implantation was performed using Intevac’s ENERGi 
implanters and it was followed by an in-situ oxidation anneal in a tube furnace. 
The B implantation used B2H6 (15% B2H6 + 85% H2) as the ion source with the 
implant energy E=10 keV, dose D=1.3-3.8·1015 cm-2 and anneal temperature 
T=1050°C. The P implantation used PH3 (100% pure) as the ion source with the 
E=7 keV, D=2.2-3.5·1015 cm-2 and anneal T=840°C. Al2O3 or Al2O3/SiNx stacks 
were then deposited on the wafers for further passivation. A dilute HCl-HF pre-
Al2O3 cleaning was performed for the Al2O3/(SiNx) stacks, while no pre-cleaning 
was performed for the SiO2/Al2O3/(SiNx) stacks. Al2O3 was deposited using 
Beneq’s P800 thermal batch ALD with chemical precursors of TMA and O3, 
Tdepo=200ºC and 10 nm thickness. Post-Al2O3 anneal was performed in a tube 
furnace in N2 atmosphere at 425°C for 25 min. SiNx was deposited using Roth-
Rau’s parallel-plate type PECVD (SINAL) at 400°C. RTP firing was performed 
using Despatch’s (Ultraflex) firing furnace, with the real Tpeak≈750°C, belt 
speed≈6250 cm/min and in compressed air.  
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Figure 4.2. The sequence of the lifetime experiments in Chapter 5.2.2: the investigation of 
junction (p+- or n+-emitter) quality passivated with (SiO2)/Al2O3/(SiNx) stacks. Reprinted with 
permission from Haibing Huang, Chiara Modanese, Shenghua Sun, Guillaume von Gastrow, 
Jianbo Wang, Toni P. Pasanen, Shuo Li, Lichun Wang, Yameng Bao, Zhen Zhu, Sami Sneck, 
Hele Savin, Effective passivation of p+ and n+ emitters using SiO2/Al2O3/SiNx stacks: Surface 
passivation mechanisms and application to industrial p-PERT bifacial Si solar cells. Solar Energy 
Materials and Solar Cells, 356–364 (2018). Copyright 2018, with permission from Elsevier.  

4.1.2.4 The measurement method of Si bulk lifetime using iodine-passivation 
In this work, the τb of the wafers was measured using a Sinton WCT120 lifetime 
tester combined with iodine passivation, which is the most commonly used and 
effective method for τb measurement in lab and industry [183–185].  

Chemical etching was implemented before the τb-measurement. For the as cut 
Si wafers, a SDR etching of ~40 μm using NAOH solution was performed. If the 
wafers have passivation layers (e.g. SiO2, SiNx or Al2O3), a HF-solution (or other 
suitable solution) etching for dielectric removal was implemented first and it 
was followed by a NAOH-solution etching of ~40 μm. Similarly, if the wafers 
have n+- or p+-junctions, a HNO3-HF solution etching for junction removal was 
implemented first. The measured results are approximate to the real τb and 
bulk-limited implied Voc of Si wafers, even if they are still to some extent less 
than the real bulk values of these wafers. By using this method, the measured τb 
of the as-cut Cz n-Si and p-Si wafers is ~750 μs (LD, bulk=936 μm) and ~250 μs 
(LD, bulk=856 μm), respectively, at a injection level of 1·1015 cm-3, which can 
provide a reasonable base for the study in this thesis.  

4.1.3 Solar Cell Experiments 

4.1.3.1 The industrial Al2O3 PERC cell 
The cell structure and process flow of the industrial PERC cell in this study are 
shown in Figure 3.2 and Figure 4.3, respectively. After SDR and random-
pyramids-texturing using NAOH solution, front n+ emitter with 90 Ω/□ of 
sheet resistance (R□) was formed via POCl3 diffusion. Then edge isolation and 
rear side polishing were processed in a RENA’s (InOxSide HT) wet bench using 
HNO3-HF-H2SO4 solution. The polished rear surface is beneficial to both light 
trapping and surface passivation. The cell rear was passivated by ALD Al2O3 
and PECVD SiNx stacks and then locally patterned using laser ablation with 
532 nm pico-second laser. Finally, screen printing (5 busbars for cell-front) 
and co-firing were used for front and rear side metallization to form front 
Ag/n+-Si ohmic contact, Al LBSF and rear local Al/p+-Si ohmic contact.  
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Figure 4.3. Process flow of the industrial Al2O3 PERC cell in this work. Reprinted with permission 
from Haibing Huang, Jun Lv, Yameng Bao, Rongwei Xuan, Shenghua Suna, Sami Sneck, Shuo 
Li, Chiara Modanese, Hele Savin, Aihua Wang, Jianhua Zhao, 20.8% Industrial PERC Solar Cell: 
ALD Al2O3 Rear Surface Passivation, Efficiency Loss Mechanisms Analysis and Roadmap to 24%, 
Solar Energy Materials and Solar Cells, Volume 161, March 2017, Pages 14-30. Copyright 2016, 
with permission from Elsevier.  

4.1.3.2 The industrial p-PERT cell using full ion-implantation roadmap 

1) p-PERT cell with in-situ grown SiO2/SiNx passivated boron junction 
The p-PERT cell structure and the corresponding process flow are shown in 
Figure 3.4-a and Figure 4.4, respectively. The rear surface can be designed as 
textured or planar based on different application requirements. After SDR and 
random-pyramids-texturing, the cell rear can be optionally single side polished 
using HNO3-HF-H2SO4 solution in a RENA’s wet bench. Front n+ emitter and 
p+-BSF were formed via implantation and PIA. PECVD SiNx was coated on both 
cell front and cell rear. The rear capping SiNx improves the firing stability of the 
SiO2 underneath [186], and the thickness of rear SiNx should be suitable for an 
easy penetration by the screen-printed Ag/Al paste to achieve a good-quality 
ohmic contact on the p+-BSF. Screen printing and co-firing were used for 
metallization (5 busbars for both sides).   

 

 

Figure 4.4. The process flow of the p-PERT cell structure presented in Figure 3.4-a. 1) After B 
implantation and PIA, the in-situ grown SiO2 was single-side removed by the screen-printed 
Merck’s chemical paste. 2) For the pre-implant cleaning, HCl+HF solution was used before B 
implantation, and only HCl solution was used before P implantation to prevent the removal of the 
in-situ grown SiO2 on the B-junction. 3) B-implantation and PIA parameters are reported in Table 
5.3; while P implantation and PIA parameters are: ion source (PH3, 100% pure), Energy=7 keV, 
Dose=2.5·1015 cm-2, 840°C PIA, R□=85 Ω/□, dSiO2=7 nm. Reprinted with permission from Haibing 
Huang, Lichun Wang, Lisa Mandrell, Chiara Modanese, Shenghua Sun, Jianbo Wang, Aihua 
Wang, Jianhua Zhao, Babak Adibi, Hele Savin, Boron Implanted Junction with In-situ Oxide 
Passivation and Application to p-PERT Bifacial Silicon Solar Cell, Physica Status Solidi A: 
Applications and Materials Science, 2019. Copyright 2019, with permission Wiley-VCH Verlag 
GmbH & Co. KGaA.  

2) p-PERT cell with p+- and n+-junction passivated with SiO2/Al2O3/SiNx  
The p-PERT cell structure and process flow are shown in Figure 4.5. After SDR 
and random-pyramids texturing, the cell rear was optionally (i.e. for some 
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groups of the wafers) single side polished using HNO3-HF-H2SO4 solution in a 
RENA’s wet bench. Front n+ emitter (R□P=88 Ω/□) and p+-BSF (R□B=69 Ω/□) 
were formed via P and B implantation and PIA. During the post P implantation 
anneal, a thin SiO2 was grown in-situ to passivate the implanted junctions on 
both sides. PECVD SiNx or ALD Al2O3/PECVD SiNx were deposited on both 
sides of the cells for ARC and surface passivation. Al2O3 process was followed by 
a furnace anneal in N2 atmosphere at 425°C for 25 min. Screen printing and co-
firing were used for metallization (5 busbars each side). In addition, the pre-
Al2O3 treatments were: 1) the thin SiO2 in the SiO2/Al2O3/SiNx stacks was grown 
in-situ during the post P implantation anneal and no pre-cleaning was 
performed on cells with SiO2/Al2O3/SiNx; 2) for cells with p+ emitter/Al2O3/SiNx, 
a ~68 nm SiNx was deposited on the cell front after the post P implantation 
anneal, to protect the front SiO2 in the subsequent pre-Al2O3-cleaning. Before 
Al2O3 process, the rear thin SiO2 was removed by a dip in 0.5% HF+HCl solution 
for ~15-30 s, during which the front 68 nm SiNx was etched <1 nm.  

 

  

Figure 4.5. The p-PERT cell structure (rear textured surface sketched) and process flow, which 
is based on the roadmap of fully ion-implanted technology combined with the SiO2/Al2O3/SiNx 
junction passivation scheme. Rear surface can be designed as textured or planar based on 
different application requirements. Reprinted with permission from Haibing Huang, Chiara 
Modanese, Shenghua Sun, Guillaume von Gastrow, Jianbo Wang, Toni P. Pasanen, Shuo Li, 
Lichun Wang, Yameng Bao, Zhen Zhu, Sami Sneck, Hele Savin, Effective passivation of p+ and 
n+ emitters using SiO2/Al2O3/SiNx stacks: Surface passivation mechanisms and application to 
industrial p-PERT bifacial Si solar cells. Solar Energy Materials and Solar Cells, 356–364 (2018). 
Copyright 2018, with permission from Elsevier.  

4.1.4 Industrial ALD Al2O3 Tool and Ion Implanter 

Figure 4.6 shows the scenery photograph of the industrial Beneq P800 batch 
thermal ALD tool (throughput: 1600 wafers per hour wph). The Al2O3 precusors 
can be either O3 or H2O, as well as TMA. The tool contains a pre-heating oven, 
an ALD reaction chamber, a TMA cabinet, an O3 generator, an O3 burner (for 
post-treatment of un-reacted remanent O3) as well as a scrubber. The pre-
heating oven (200-250°C) is used for increasing throughput.  

The industrial implanter used in this work is Intevac's ENERGi implanter with 
a throughput of 2400 wph (Figure 4.7). The main features of the ENERGi 
implanter are: 1) The flux of ions on any particular spot is designed continuous, 
not intermittent as with a ribbon beam or spot beam. Such design leads to a high 
instant dose rate, which contributes to eliminate defects formation in the solid-
phase-epitaxial recrystallization, and thus to form a fully-amorphized near 
surface region induced by the implantation-induced-damage. This is beneficial 
to improve junction quality [179,181,187]. 2) For cost-efficiency, the tool is 
designed with no magnetic field screening. The ion source is B2H6 (i.e. 15% B2H6 
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+ 85% H2) instead of BF3, which may provide additional H passivation due to 
the diffusion of H (provided by the mixed gas of B2H6 and H2 via implantation) 
into Si bulk during the post implant anneal. It was verified that, the lifetime and 
cell results remain in the same level if the ENERGi implanter with B2H6 or a 
Varian's industrial implanter with BF3 was used. Here, it is worth noting that 
the research contents in this study can also be widely adapted to all types of B 
implantation processes (tools).  

 

 

Figure 4.6. The photograph of the industrial Beneq P800 batch thermal ALD Al2O3 tool.  

 

Figure 4.7. The photograph of the Intevac industrial ENERGi implanter.  

4.2. Characterizations  

4.2.1 Measurement of Effective Minority Carrier Lifetime  

The effective minority carrier lifetime quantatively characterizes the 
recombination rate occurring in a solar cell, and is therefore crucial to solar cell 
performance. By analyzing the effective lifetime, one can monitor and optimize 
cell processes [188], improve quality control [189] in cell fabrications, as well as 
predict the performance of completed cells from partially processed samples 
[190]. In the last decades, various techniques have been developed for 
measuring the effective lifetime [191]. Among these techniques, the quasi-
steady-state photoconductance (QSSPC) method, developed by Sinton and 
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Cuevas [192], is most convenient for solar cells due to its non-contacting 
features. In this thesis, the injection-level dependent τeff, implied Voc at 1-sun 
and J0e were determined by the photo conductance decay method using a Sinton 
WCT120 tester [184,185,192,193]. Chapter 4.2.1 briefly introduces the basic 
theory of this method.  

4.2.1.1 Quasi-steady-state photoconductance   
Measuring the injection-level dependent effective lifetime using the QSSPC 
method is based on simultaneously measuring the photoconductance (σL) on an 
illuminated Si wafer and the corresponding illumination intensity [192]. If the 
illumination source has a sufficiently slow decay time, the electronic properties 
of the Si wafer will then reach a quasi-steady-state. Under quasi-steady-state 
conditions, the excess carrier concentration of a sample, which is proportional 
to the σL, is linked to the generation rate GL and τeff.   

In the practical experimental setup, the measured Si wafer is illuminated by a 
short high-intensity Xenon flash pulse with a monotonically varying light 
intensity. The time-decay constant with several milliseconds (ms) is long 
enough to keep the samples in quasi-steady-state conditions. The slow decaying 
illumination also provides a wide range of injection levels, typically about one 
order of magnitude, over which τeff can be calculated.  

The effective lifetime measured using the QSSPC method can be expressed as:   
 

  (4.1) 

 
The average excess carrier density ∆nav is determined at each point of the 

decay of σL. The GL produced by the incident light is also determined at each 
point by simultaneously measuring the intensity of the flash decay with a 
calibrated reference cell. The reference cell determines the photon flux Фph that 
generates e-h pairs within a wafer in which all of the available photons are 
coupled. Assuming GL is homogeneous throughout the wafer, we have:  

 
  (4.2) 

Where W is the wafer thickness. The optical constant fabs is the optical 
absorption fraction of the wafer, which can be determined from the reflectance 
and transmittance of the Si surface and various surface dielectrics [184].  

There are two modes for lifetime measurement: transient mode and quasi-
steady-state mode [184,185,192,193]. The transient mode measures the decay of 
σL transient after a very short light pulse from a flash lamp, which is suitable to 
τeff > ~ 100 μs. The quasi-steady-state mode measures the decay of σL under 
quasi-steady-state conditions, which is suitable to τeff < ~ 100 μs [184]. In recent 
years, Nagel et al. [194] suggested a generalized mode that involves the above 
two modes, as given by:  

 
  (4.3) 
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Eq. 4.3 is valid for arbitrary generation conditions. Studies [194] show that, 
by applying the generalized mode, good agreement can be obtained between the 
above two modes over a wide range of lifetimes (from 0.1 s to several ms) and 
injection levels (from 1·1012 to 1·1017 cm-3, depending on the lifetimes). In this 
work, all the lifetime (τeff, implied Voc and J0e) measurements were performed 
using the generalized mode.  

4.2.1.2 Determination of implied Voc and J0e from effective lifetime 

1) Implied Voc 
The Voc of a solar cell is determined by the product of the free carrier densities 
at the edge of the space-charge region in the base. The implied Voc of a lifetime 
sample is given by [129,190,195,196]:  

 
  (4.4) 

 
Where ∆n is the specified injection level or excess minority carrier density 

(MCD). The local ∆n is essentially equal to the ∆nav in the base, which is 
obtained from the photo-conductance decay measurement. The other symbols 
have their usual meanings from above. It is seen that, implied Voc is determined 
by ∆nav, and thus is linked to the SRV (J0e) of the Si surface and the LD, bulk of the 
Si bulk (for details, refer to Ref. [196]).  

2) Determination of saturation current density from effective lifetime 
J0e can also be determined from the photo-conductance decay method based on 
the method of Kane and Swanson, as described in Eq. 4.5 [70,71]. 
 

  (4.5) 

 
Here, 1) for symmetrically doped and passivated samples, 2·J0e =J0e,front +J0e, 

rear; 2) ni,eff: the effective intrinsic carrier concentration.  
The effective lifetime is limited by several main recombination processes 

occurring within Si at different dopant concentration [51]. At high injection-
levels (for good-quality Si wafers, ∆n >~1017 cm-3 [129]), τeff is Auger-limited and 
decreases quadratically with increasing dopant concentration. In low-injection, 
SRH recombination through defects takes over. At lower injection-level between 
the above two, SRH recombination caused from the Si bulk still plays a role to 
some extent, and emitter recombination starts to be important, while does not 
yet fully dominate over the bulk SRH recombination; at higher injection-level 
between the above two, emitter recombination dominates. Thereby, 1/τeff 

−1/τAuger−1/τrad results ideally in a straight line, whereby the slope (J0e) is 
extracted by selecting a suitable ∆n within the emitter recombination dominant 
region (typical range: 30% around 10·Nb) to well match the fitted J0e curves. 
Meanwhile, according to Eq. 4.5, the intercept gives the τb.  

The determination of J0e by adopting Kane and Swanson’s method is widely 
used in literatures [70,129,184,190,195,196]. This method recommends that the 
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specified ∆n for J0e extraction should be one order of magnitude above Nb 
(typically ~10·Nb) [70] to ensure it right within the emitter-recombination 
dominant region. Therefore, it is best to use lightly-doped wafers due to 
providing a wide ∆n-range of data available to accurately extract J0e. In this 
work, the specified ∆n is in the range 2·1016 to 3·1016 cm-3 (n-Si wafers, b≈2 
Ω·cm, Nb≈2.35·1015 cm-3). The disadvantage of using wafers with not very high 

b as compared to using high- b wafers is that, the interested linear region 
overlaps to some extent with Auger recombination, resuting a less certain 
determination of J0e. In this case, it is not so easy to put the base into high-level 
injection for a maximum sensitivity to J0e, thus making the tolerance of the ∆n 
selected for an accurate J0e extraction somewhat stringent, as discussed in Ref.s 
[184,195]. However, with careful subtraction of the Auger recombination, it is 
still feasible to accurately extract J0e using wafers with not very high b, as 
discussed and adopted in some studies [190,195]. Additionally, due to wide use 
of the n-Si wafers with b of 2-3 Ω·cm in PV industry, the J0e extraction using 
such wafers is somewhat convenient and suitable to the industry.  

4.2.2 Suns-Voc Measurement  

Suns-Voc measurement is a quick and effective method for characterising solar 
cell parameters. The measurement setup is similar to the Sinton lifetime tester 
with some modifications, and the system is also operating under quasi-steady-
state conditions [197].  

Three types of I-V curves are commonly used for characterizing solar cells: i) 
illuminated I-V, ii) dark I-V and iii) Jsc-Voc. The illuminated I-V curve measures 
the current and voltage under fixed illumination with an external light source 
(typically closely matched to the solar spectrum), which corresponds to the 
normal operation mode of a solar cell [198]. The dark I-V curve of a solar cell 
characterizes its p-n diode behavior. The Jsc-Voc curve is a combination of the 
above two approaches, which can be obtained by suns-Voc measurement.  

Suns-Voc directly measures Voc as a function of light intensity. At each light 
intensity, the Voc and Jsc are measured. This implied illuminated Jsc-Voc curve 
gives suns as a function of time as well as the corresponding Voc as a function of 
time. The values of Jsc need to be input in this derivation, which can be obtained 
from the illuminated I-V measurement. Thereby, the light intensity vs Voc data 
can be modeled by appropriate diode equations to derive diode properties, 
which can be used to derive a pseudo I-V curve to calculate efficiency, FF and 
maximum power voltage (MPP). Since it is a direct electrical measurement with 
an electrical contact, the measured Voc at 1-sun matches well with that from a 
light I-V tester assuming the cell temperature is constant and the spectrum of 
the lamp is similar. As suns-Voc measurement does not require current flow 
through the cell, it follows the dark I-V curve (the two-diode model) without the 
Rs effect [198]. At the Voc condition, the output current is zero, and then the 
equation used to fit the Jsc-Voc curve is given by:  

 
  (4.6) 
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With the photo-generated current Jsc (sun), the Boltzmann constant k, the 
temperature T in Kelvin, the electron charge q.  

In the two-diode model, cell parameters e.g. Rs, Rsh (shunt resistance), J01, J02 
and ideality factor (n), can be obtained from the dark I-V curve analysis. The Rs 
and Rsh model electrical losses. J01 (first-diode, n1=1) represents the diode 
saturation current density due to recombination in the quasi-neutral regions, 
which is the sum of recombination components of radiative, Auger, SRH 
(surface and bulk) and emitter. J02 (second-diode, n2=2) is the junction leakage 
current density resulted from non-ideal carrier recombination in the space-
charge region [199]. Possible origins occurring in industrial solar cells with a 
high J02 are: i) losses due to a distributed Rs resulting in different working points 
of a solar cell at an applied voltage [200,201], and ii) diode like shunts [202] 
such as shunts in p-n junction and spiking of metal contact. In c-Si solar cells, 
J02 was shown to be linked to edge recombination [203]. The ideality factor 
reveals the mechanisms of recombination loss and electrical loss that derivate 
from the ideal diode equation. Further, the suns-Voc pseudo light I-V curve can 
be compared with a true light I-V curve at the MPP to assess the Rs effect [197].  

Suns-Voc measurement allows for characterization and analysis at various 
steps in cell fabrications, e.g. after junction doping and before metallization. In 
this work, the ideality factor n at 0.1 suns, J01, J02, pseudo-FF and pseudo-
efficiency of the cells are measured using this method.  

4.2.3 I-V Performance Measurement of Solar Cells 

In this thesis, the fabricated PERC cells are monofacial cells, and the p-PERT 
cells are bifacial cells. Cell performance measurement and other relevant 
characterizations were performed before LID on the completed cells.  

4.2.3.1 I-V Performance Measurement of monofacial PERC cell 
Cell performances and I-V curves of the PERC cells were tested on a HALM I-V 
tester, which was calibrated with a reference PERC cell previously tested by 
Fraunhofer ISE under the standard global AM1.5 spectrum, 1000 W·m-2, at 
25ºC.  

4.2.3.2 I-V Performance Measurement of p-PERC bifacial cell  
In actual operating conditions, the effective cell efficiency (ηeff) of a bifacial cell 
is contributed from both cell front and cell rear, as can be defined in Eq. 4.7. 

 

 
Up to now, there is still lack of uniform measurement standards for effectively 

quantifying the performance of bifacial cells, although there are some literatures 
focused on this topic [63–65]. There are three commonly used methods to 
quantify the bifacial-cell performance: 1) to deduce bifacial-cell performance 
from bifacial module performance, 2) to use bifaciality factor BF (BF=ηrear/ηfront, 
measured under the standard test conditions) [169] for an evaluation, 3) to 
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measure bifacial cells under a specific environment which can reflect the actual 
application. In 3), Eq. 4.7 is typically used for an approximate quantification. In 
this work, method 2) and 3) were adopted for this measurments.  

The cell performances and IV-curves of p-PERT bifaficial cells were measured 
using different I-V testers, i,e. Berger, Halm and Newport. Among the three 
types of I-V testers, the Berger tester has a black background with minimum 
light reflection to the cell rear. It was confirmed that the reflected light by the 
Berger tester to the cell rear can be considered negligible (reflectivity≈0%) by 
comparing the results to the earlier measurements with the Newport tester, in 
which the cell was vacuum held on a copper plate with zero rear illumination. 
For the Halm tester, it has white transporting belts which can reflect some light 
to the cell rear, and thus enhances the ηeff of the bifacial cells to some extent. If 
we compare the cell performance of the standard mono-facial cells on the Berger 
and the Halm tester, they perform equally well. Therefore, considerable gains 
on the ηeff of the bifacial cells were obtained with the Halm tester due to 
receiving the reflected light on cell rear by the white transporting belts. Overall, 
for the p-PERT bifacial cells, the performance of front side (under front 
illumination only) and rear side (under rear illumination only) were 
independently measured with a Berger tester. The effective bifacial performance 
of these cells were measured under a HALM tester with white transporting belts. 
All the measurement were performed before LID under standard global AM1.5 
spectrum, 1000 W·m-2, at 25ºC.  

4.3 Simulations and Calculations  

4.3.1 PC1D and PC2D Simulations 

In this work, PC1D and PC2D simulations were performed to gain an enhanced 
fundamental understanding on the physics of junctions and surface passivation, 
as well as the recombination loss mechanisms of solar cells.  

4.3.1.1 Introduction to PC1D and PC2D  
The numerical simulation software PC1D, developed by Brendel [204], is one of 
the most commonly used modelling programs for simulations of crystalline 
semiconductor solar cells. PC1D simulation uses a finite-element numerical 
method to solve the fully coupled time dependent nonlinear equations for the 
quasi-one dimensional transport of charge carriers, i.e. photocarrier generation, 
recombination and transport in the device. It can address complex issues 
corresponding to such as spatially varying material parameters, heavy doping 
effects, arbitrary doping profiles, high injection-level, transients, flexible 
boundary conditions, light trapping, as well as either two- or three-terminal 
circuit connections. In addition, PC1D can calculate spectral quantum efficiency 
(QE) of a solar cell by varying the wavelength of the excitation light source under 
AM0 and AM1.5 solar spectrum. By combining PC1D simulation with QE 
measurement, users can determine the Seff and τb of a solar cell.  

Previous PC1D versions have some limitations. The carrier statistics in PC1D 
5.9 or previous versions is based on Boltzmann statistics, which may cause 
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simulation errors of the recombination that occurrs at the emitter surface and 
in the emitter bulk [79]. In order to improve the simulation accuracy of c-Si solar 
cells, PC1DmodV6.2, developed by Haug et al. [205], extends PC1D 5.9 by 
implementing Fermi-Dirac (F-D) statistics and state-of-the-art empirical BGN 
models [206–208]. This ensures a more accurate simulation compared to 
previous versions due to smaller simulation errors of the recombination 
occurring at the emitter surface and in the emitter bulk, especially when emitter 
doping level is > ~1·1019 cm-3. In addition, PC1DmodV6.2 also implements 
several advanced c-Si models that futher improves simulation accuracy, 
including models for such as carrier mobility [209,210], intrinsic carrier density 
[211,212] electrical bandgap and surface state density [213], Auger 
recombination [73,214], an option for depth-dependent SRH recombination, as 
well as a parameterization of incomplete ionization of commonly used dopants 
[215].  

PC2D, recently developed also by Brendel [216,217] is a circular-reference 
spreadsheet method that can be used in conjunction with PC1D to model 2-D 
effects in solar cells. PC2D can be regarded as a supplement for PC1D. The 
boundary conditions of the surface and near-surface conditions, in PC2D, need 
to be extracted from PC1D. The PC2D boundary conditions includes such as the 
sheet resistance, the surface recombination rate, the effective optical 
transmission through the surface as a function of wavelength and the internal 
optical reflectance. PC2D represents the solution region of any width and height 
using a grid of 20×20 identical rectangular elements, which are bounded by a 
rectangular mesh of 21×21 nodes.  

4.3.1.2 PC1D and PC2D Simulations: Recombination-Loss Mechanisms 
Analysis on Current industrial PERC Cell 
In Publication II-A and II-C, PC1D 5.9 and PC2D simulations were performed 
to investigate into the recombination loss mechanisms of the industrial PERC 
cell. The simulation topics are summarized in Table 4.1. In this work, PC2D 
simulations were preferred due to the advantage on 2-D modeling. Due to the 
convenience of the junction profiles tailoring in combination with the variation 
of the SRVs, topic 1 was simulated using PC1D. In addition, the solution region 
of PC2D based on a grid of 20x20 identical rectangles is not sufficient to 
simulate all cases of rear local contact patterns (e.g. contact geometries and 
fractions). Therefore, topic 6 was simulated using PC1D [204,216,217]. The 
basic input parameters can be found in Pulication II (Table 8). The connection 
between J01 of the front surface passivated areas (J01, front surface) and front SRV 
(FSRV) was extracted using the method in Appendix II of Publication II (Fig. 
22). The connection between J01 of the rear surface passivated areas (J01, rear surface) 
and rear SRV (BSRV) can be referred to Appendix I of Publication II.  

It is worth stressing that, according to Publication II, the simulation results 
are in the same level with the real PERC-cell performance, and the simulation 
results between PC1D and PC2D are very close. Note that PC1D and PC2D 
simulations normally slightly underestimate Jsc and slightly overestimate FF, 
while the simulated Voc is accurate. This leads to relatively accurate final 
simulation results [204,216–218]. 
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Table 4.1. The topics of PC1D and PC2D simulations in Chapter 5.1.5. 

No. Topic Method 
1 (Chapter 5.1.5.4) Front n+ emitter & its passivation PC1D 
2 (Chapter 5.1.5.4) Front contact passivation PC2D 
3 (Chapter 5.1.5.2) Bulk diffusion length  PC2D 
4 (Chapter 5.1.5.2) Rear surface passivation PC2D 
5 (Chapter 5.1.5.2) Rear contact passivation  PC2D 
6 (Chapter 5.1.5.3) Rear local contact pattern PC1D 

 

4.3.1.3 PC1D Simulation: The Link between SRV and J0e 
In order to gain a further insight into the junction passivation mechanisms 
(chemical and field-effect passivation) of different dielectrics, PC1DmodV6.2 
simulations were performed in conjunction with the experimental results. After 
inputting the substrate and junction-profile parameters, one of the following 
three parameters, Sn (or Sp), Qeff and J0e, can be extracted by fixing the other two. 
This method was adopted in the work in Publication III and IV. Sn (Sp) is 
proportional to surface state density [50], and thus is determined by both 
surface doping concentration (Nsurf) and chemical passivation. Field-effect 
passivation is controlled by the Qeff, which can be measured using the corona 
oxide characterization of semiconductor (COCOS) method [219].  

4.3.2 Ssuprem Simulation for Junction Profiles 

In this thesis, the boron doping (implanted or annealed) profiles in Si 
substrates were measured using the secondary ion mass spectrometry (SIMS) 
method. Meanwhile, Ssuprem3.1 program was also used to simulate the profiles 
of p+- or n+-junctions, which were combined with the SIMS measured results. 
Ssuprem program allows users to simulate various processing steps used in 
device fabrications (integrated circuits or solar cells), including furnace 
diffusion, ion implantation, inert ambient drive-in, oxidation, as well as low 
temperature deposition or etching of various semiconductor materials. 
Ssupreme simulates in 1-D and can demonstrate the structure changes in a 
semiconductor as well as material properties resulted from the endured various 
processes in device fabrications. Ssuprem simulation is widely used in 
semiconductor research and has recently been used also in PV field [220–223], 
and shows good agreement with the SIMS and electrochemical capacitance 
voltage measurements.  

In this work, the B- or P-junction profiles were simulated using Ssupreme by 
inputting the basic substrate information (dopant type, substrate concentration 
and crystalline orientation) and the used process parameters of the doped 
junctions (e.g. ion implantation and post-implant anneal). As can been seen in 
Publication III (Fig. 2), the Ssuprem simulated B-junction profiles are quite 
identical to the SIMS measured results. More specifically, the simulated surface 
boron doping concentration (Bsurf) is very close to the measurement. The small 
deviation of junction depth (Xj) between simulation and measurement may be 
due to a slight underestimation on the thermal oxidation rate and the effect of 
oxidation enhanced diffusion [224] in Ssuprem simulations. PC1D simulations 
confirmed that such small deviations lead only to small and acceptable 



Experimental, Characterization and Simulation Methods 

38 
 

simulation errors (see Publication III). Hence, within the junction-parameter 
ranges of this study, Ssuprem simulation matches well with SIMS measurement, 
thus providing a good base for this study.  

4.4 Other Characterization or Simulation Methods 

Other characterization and simulation methods used in this thesis are 
summarized in Table 4.2.  

Table 4.2. Other characterization and simulation methods used in this thesis. Note that the item 
1-4 were performed on the lifetime samples with (100)-oriented Si surface.  

No. Item Method Instrument or software 
1 R□ of n+- or p+-junction sheet resistance a four-point probe 

2 film thickness (dfilm) and refractive index 
(nk) 

ellipsometer a Suntech ellipsometer at a 
wavelength of 633 nm 

3 boron doping (implanted or annealed) 
profiles SIMS the SIMS instrument in Evans 

Analytical Group 
4 effective charge (Qeff) and Dit of dielectrics COCOS [219] Semilab SDI PV2000  

5 cross-sectional analysis Al-Si voids in 
PERC cells 

SEM (scanning electron 
microscopy), EDX (energy 

dispersive X-ray spectroscopy) 

a Vantage-100 from Thermo Electron 
Corporation (USA) 

6 
the problem of PERC and p-PERT cells 
associated with surface recombination, 

junction quality and ohmic contact 
EL (electroluminescence)  an EL tester from Basler EL 

Laboratory System 

7 QE and reflectance of the completed cells QE a instrument from PVMeasurement 

8 specific contact resistance (ρc) between B-
emitter and screen-printed Ag/Al paste transfer length method [225] a self set-up instrument 

9 The calculations of lifetime, J0e and implied 
Voc 

the theory of the photo 
conductance decay method 

[184,185,192,193] (Chapter 4.2.1) 

based on the measured results using 
a Sinton WCT120 tester 

10 
the calculation of threshold charge density 

for weak and strong inversion in Si as a 
function of base doping density 

by solving Poisson's equation in 
one dimension [69,226]  matlab 

11 
analysis of the optical losses, i.e. the Jsc 
loss of the non-metal shaded regions of 

the PERC cell 

 by using OPAL2 based on the ray 
tracing thoery [227–229] www.pvlighthouse.com.au 

12 the analysis of Rs loss mechanisms using Meier’s method [230] based on the measured results of the 
Rs-components (see Publication II-C) 
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5. Results and Discussion 

5.1 Industrial PERC Cell 

Chapter 5.1 presents a systematical study on industrial PERC cell (Publication 
II-A, II-B and II-C) and then analyzes the cell efficiency loss mechanisms of the 
industrial PERC cell. Chapter 5.1.1 focuses on O3-based ALD Al2O3 rear surface 
passivation, especially highlighting the importance of the integration of the 
entire PERC cell process. Chapter 5.1.2 discusses on screen-printed Al LBSF 
with special attention to Al-Si voids effects and its solutions. Afterwards, 
Chapter 5.1.3 analyzes the cell efficiency loss mechanisms based on some key 
characterizations. On the basis of Chapter 5.1.3, Chapter 5.1.4 systematically 
analyzes the recombination loss mechanisms on the current industrial PERC 
cell using PC1D and PC2D simulations and put forward effective solutions to 
decrease the cell-efficiency losses and thus to increase the cell efficiency.  

5.1.1 Al2O3 Rear Surface Passivation 

Rear surface passivation forms the basis for PERC. In this work, the 
foundamental baseline ALD Al2O3 process conditions used can be found in 
Publication II-B: 1) pre-ALD cleaning: HCl and HF cleaning; 3) ALD 
temperature: 200ºC; 4) Al2O3/SiNx: 10 nm/100 nm; 5) ALD deposition pressure: 
100-500 Pa. In the following, the results of Al2O3 rear surface passivation on the 
industrial PERC cell are summarized (see Sec. 2.2 in Publication II-A for details).  

1) Effect of ozone parameters  
The Al2O3 passivation quality improves with the increase of O3 concentration, 
O3 dosing time and O2 flow until these parameters reach a saturated value. 
Moreover, O3 concentration impacts more significantly the Al2O3 passivation 
than O3 dosing time and O2 flow. The possible explanation is that higher O3 

concentration, larger O2 flow or appropriate O3 overdosing time might enhance 
the activation energy (or the reaction time) of the ALD process, as explained by 
the Arrhenius equation [231]. This in turn might be beneficial to obtain good 
electrical properties at the Al2O3/Si interface. This result is also consistent with 
von Gastrow et al‘s work [232], which explained that higher O3 concentration 
led to clearly lower Dit and slightly lower negative Qf, thus leading to a better 
overall passivation quality.  
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2) Post Al2O3 anneal 
For Al2O3 PERC cell, the post-Al2O3 anneal, especially the effective integration 
of the post-Al2O3 thermal processes as an overall anneal, plays a crucial role in 
the overall control of Qf and Dit in order to achieve a good passivation quality. 
The results in Publication II (Sec. 2.2.3) indicate that, after the Al2O3 process, 
the subsequent thermal processes of rear and front PECVD SiNx and RTP firing 
can activate Al2O3 passivation. Excessive thermal budget could reduce the 
already well-activated passivation. In addition, the firing stability of Al2O3 can 
be improved by a SiNx capping layer. Further, the accumulated thermal budget 
of the post-Al2O3 thermal processes might exceed the originally required budget 
for best activating Al2O3 passivation; and consequently, the final passivation is 
determined by the total accumulated thermal budget. An optimized lifetime 
experiment result indicated significant activation of Qf (Qf_post anneal/Qf_as 

deposited=14.8) and reduction of Dit (Dit_post anneal/Dit_as deposited=0.004) by utilizing 
the post-Al2O3 thermal processes as an overall anneal (Figure 5.1). This is also 
consistent with the results of Ref.s [12,13,144].  

3) The “assisted passivation” of SiNx  
For the industrial PERC cell, a suitable thickness of SiNx needs to be capped on 
top of Al2O3 in order to assist the passivation. The key is the overall achievement 
on: i) a dense and thick enough film to maximally protect Al2O3 from the 
penetration and damage by the screen-printed and fired Al paste, ii) a reduced 
bombardment on Al2O3, iii) a good H passivation of Si/Al2O3 interface as well as 
Si bulk, iv) moderate thermal budget to activate the Al2O3 passivation and v) a 
suitably high internal reflection of Al2O3/SiNx to obtain a high long-wavelength 
QE response. Through optimizations of process parameters, both of direct- and 
remote-PECVD SiNx can provide good assisted passivation quality on Al2O3. In 
the direct PECVD SiNx process, a key parameter is the radio frequency (RF) duty 
cycle in the deposition step. A suitably low RF duty cycle is helpful to achieve 
weaker bombardment on Al2O3 and denser SiNx (thus better protection effect 
from the Al paste). In the remote PECVD SiNx process, it was found that a 
double layer SiNx can best assist the Al2O3 passivation, which consists of 10 nm 
Si-rich SiNx on the bottom and 90 nm stoichiometric SiNx on top. A key paramter 
is the NH3, bottom/SiH4 ratio that is linked to different resistance to the etching of 
Al paste during firing (i.e. the protection effect from the Al paste). The results 
indicated that the optimal NH3, bottom/SiH4 ratio was around 0.6. Here, NH3,bottom 

is the flow of NH3 to deposit the bottom SiNx.  

4) To achieve an excellent “final” Al2O3 passivation 
In order to obtain good cell performance, it is more important to achieve a good 
“final” Al2O3 passivation (i.e. after firing), rather than a good initial or 
intermediate passivation. Generally, the whole PERC process should be 
coordinately designed, processed and integrated to achieve this goal. Key points 
are: i) the prevention of the damage on Al2O3 passivation in the subsequent post 
Al2O3 processes, e.g. the protection of the damage from Al paste or the thermal 
(firing) stability of Al2O3 passivation after undergoing the subsequent thermal 
processes; ii) the activation and preservation of Al2O3 passivation by integrating 
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the whole back-end thermal process; iii) the coordinated design, process and 
integration of bulk lifetime, rear surface passivation and rear side metallization.  

Overall, through the above mentioned optimal integration of the cell process, 
good enough final rear surface Al2O3-passivation was achieved, with high τeff of 
765 μs (implied Voc=720 mV at 1-sun), a high enough Qf (2.2·10-12 cm-2) and low 
Dit (1.3·1011 cm-2·eV-1), as shown in Figure 5.1.  

 

 
 

 

Figure 5.1. An optimized lifetime-experiment result of Al2O3 passivation on p-Si substrates in the 
industrial PERC cell: (a) τeff and (b) Qf and Dit. Reprinted with permission from Haibing Huang, 
Jun Lv, Yameng Bao, Rongwei Xuan, Shenghua Suna, Sami Sneck, Shuo Li, Chiara Modanese, 
Hele Savin, Aihua Wang, Jianhua Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 Rear 
Surface Passivation, Efficiency Loss Mechanisms Analysis and Roadmap to 24%, Solar Energy 
Materials and Solar Cells, Volume 161, March 2017, Pages 14-30. Copyright 2016, with 
permission from Elsevier.  

5.1.2 LBSF and Rear Local Contact 

LBSF and rear local contact is another key feature for PERC. Previous 
investigations into screen-printed Al LBSF process reveal the existence of Al-Si 
voids in the contact areas [142].  

Al-Si voids were studied in cross-sectional analysis by SEM and EDS. The rear 
Al2O3/SiNx stack was locally laser-opened in line arrays (~70 μm width). Hot 
HCl solution was used to remove the Al matrix and Al-Si eutectic on the 
completed PERC cells before the SEM analysis. Typical cell samples suffering 
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from voids are shown in Figure 5.2-a (full of voids) and Figure 5.2-b (partly filled 
with voids), from which we can find almost no LBSF or very thin LBSF layer 
underneath the contact areas. As a result, voids can seriously impact the PERC 
cell performance (see Table 3 of Publication II) due to the bad quality Al-Si 
eutectic (the conductance of rear Al layer) and LBSF (Voc).  

 

 
 

 
 

 

Figure 5.2. Cross-sectional SEM analysis of the Al-Si contact areas: a) full of voids, b) partly filled 
with voids and c) void free. The images were acquired with a field emission SEM with 1 nm 
resolution and 800,000 magnification factor. Reprinted with permission from Haibing Huang, Jun 
Lv, Yameng Bao, Rongwei Xuan, Shenghua Suna, Sami Sneck, Shuo Li, Chiara Modanese, Hele 
Savin, Aihua Wang, Jianhua Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 Rear Surface 
Passivation, Efficiency Loss Mechanisms Analysis and Roadmap to 24%, Solar Energy Materials 
and Solar Cells, Volume 161, March 2017, Pages 14-30. Copyright 2016, with permission from 
Elsevier.  
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Through optimizations of the back-end process: i) small enough dimension of 
both rear contact pitch (≤1000 μm) and contact array (line width: 30-100 μm); 
ii) specific Al paste with appropriate amount of Si additive; iii) optimal RTP 
firing profile, void-free Al-Si eutectic and uniform and deep LBSF were achieved 
(Figure 5.2-c). These optimizations are also consistent with Ref.s [140,142].  

Table 5.1 shows the EDS analysis of Al-Si eutectic, Al LBSF, and Si substrate 
in Figure 5.2-c. The difference in the composition of Al-Si eutectic (Al-15.32 wt% 
Si, in comparison with Al-12.6 wt% Si in Ref. [142]) is due to the faster cooling 
speed in the industrial RTP firing process, which results in non-equilibrium Al-
Si phase transformation and thus in macroscopically non-ideal Al-Si eutectic 
(by composition). The difference in the composition of Al BSF (Si-1.44wt% Al, 
in comparison with Si-1%Al in Ref. [142]) is due to the difference in peak firing 
temperature because the content of Al dissolved in the BSF layer is dependent 
on the solid solubility of Al in Si, which in turn is a function of temperature [233]. 
In addition, the thickness of the Al LBSF layer is ~10 μm, which reveals the Xj 
to be deeper than 10 μm (probably between 10 and 12 μm).  

Table 5.1. EDS analysis of the Al-Si contact areas in Figure 5.2-c, where the measurement error 
is within ±5% (Publication II-B). Reprinted with permission from Haibing Huang, Jun Lv, Yameng 
Bao, Rongwei Xuan, Shenghua Suna, Sami Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua 
Wang, Jianhua Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, 
Efficiency Loss Mechanisms Analysis and Roadmap to 24%, Solar Energy Materials and Solar 
Cells, Volume 161, March 2017, Pages 14-30. Copyright 2016, with permission from Elsevier. 

Point Al (wt%) Si (wt%) 
Point 1 (Al-Si eutectic) 84.68 15.32 

Point 2 (Al LBSF) 1.44 98.56 
Point 3 (Si substrate) 0 100 

 

5.1.3 Cell Performance and Efficiency Loss Mechanisms Analysis  

5.1.3.1 Cell Performance of the Industrial Al2O3 PERC Cell 
Based on the above results, the industrial Al2O3 PERC cells in CSUN’s 
production line demonstrated an average and champion ηcell are 20.5% and 
20.8%, respectively, with Voc=655-666 mV. The cell efficiency loss mechanisms 
were analyzed based on a typical PERC cell sample “A” (see Table 5.2) in the 
following.  

Table 5.2. The result of I-V test and Suns-Voc test of the PERC cell sample “A”. Reprinted with 
permission from Haibing Huang, Jun Lv, Yameng Bao, Rongwei Xuan, Shenghua Suna, Sami 
Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua Wang, Jianhua Zhao, 20.8% Industrial 
PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, Efficiency Loss Mechanisms Analysis and 
Roadmap to 24%, Solar Energy Materials and Solar Cells, Volume 161, March 2017, Pages 14-
30. Copyright 2016, with permission from Elsevier.  

I-V test 
Voc (V)  Jsc (A/cm2)  FF (%) ηcell (%) Rs (mΩ) Rsh (Ω) Irev2 (A) 
0.661 39.43 79.38 20.69 2.41 579 0.044 

Suns-Voc 

Voc (V)  Jsc (A/cm2)  Pseudo FF 
(%) Pseudo ηcell (%) Ideality (n) 

@ 0.1 sun 
J01 

(A/cm2)  
J02 

(A/cm2)  
0.661 39.43 84.3 21.96 1.01 2.12·10 -13 1.02·10-9 
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5.1.3.2 Analysis of quantum efficiency and the Jsc loss mechanisms 
The Jsc loss mechanisms of the non-metal shaded regions were calculated 
(Figure 5.3) based on the front side reflection, QE (without bias light) curves of 
the PERC cell. The loss due to front side reflectance can be divided into two 
components caused by different effects: the ARC loss and the loss escaping from 
the front Si surface. These two loss components cannot be measured and were 
therefore simulated using OPAL2 [227–229].  

As shown in Figure 5.3, the three main components of Jsc loss are front escape 
loss (5.3%), ARC loss (4.3%) and blue loss (2.9%, 300-600 nm). In the industrial 
PERC process flow, rear side polishing is integrated with edge isolation which 
is processed by the wet batch (HF-HNO3-H2SO4 solution) process. To achieve 
good process quality control on good edge isolation, no wrap-around etching on 
the cell front and good rear side polishing, the process window is not wide. As a 
result, the reflectance of Si polished by this integrated wet batch process is not 
so high as the design, resulting in not sufficiently efficient light trapping. For 
further reduction of this loss, the optimal process of rear side polishing needs to 
be developed. The large fraction of blue loss indicates relatively high front 
surface recombination, which can be effectively decreased by the optimizations 
on the front emitter and its passivation. ARC loss can be decreased by optimal 
texture and PECVD SiNx process to obtain lower front side reflectance.  

NIR (near infrared) parasitic absorption loss (predominantly between 900 
and 1200 nm) and base collection loss are differentiated using a ray tracing 
simulation of the Si absorptance that leads to photogeneration of electron-hole 
pairs [228]. These two losses are relatively small and can be improved by better 
rear surface passivation and longer LD, bulk.  

 

 

Figure 5.3. The Jsc loss mechanisms analysis of non-metal shaded regions. The integrated Jsc 
based on the front side reflection, QE of the PERC cell “A” (Publication II Fig. 17) with the AM1.5 
spectral solar flux is 39.68 A·cm-2, which is close to the value (39.43 A·cm-2) from I-V test in Table 
5.2. Reprinted with permission from Haibing Huang, Jun Lv, Yameng Bao, Rongwei Xuan, 
Shenghua Suna, Sami Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua Wang, Jianhua 
Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, Efficiency Loss 
Mechanisms Analysis and Roadmap to 24%, Solar Energy Materials and Solar Cells, Volume 
161, March 2017, Pages 14-30. Copyright 2016, with permission from Elsevier.  
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5.1.3.3 Suns-Voc test result  
Suns-Voc test result is shown in Table 5.2. Ideal factor at 0.1 suns of 1.01 (very 
close to 1) indicates almost no recombination occurring within the space-charge 
region and minimal sources of J02 recombination except for the edge 
recombination [234]. J01 of 2.12·10-13 A·cm-2 (Voc=661 mV) indicates a good 
overall performance of the n+-emitter, LBSF, surface passivation and contact 
passivation of the entire cell. Detailed analysis of the J01 recombination 
components will be discussed in Chapter 5.1.4.1 in combination with PC2D 
simulations. Small J02 of 1.02·10-9 A·cm-2 indicates small edge recombination. 
Pseudo-FF of 84.3% (without the effect of Rs) also indicates a small effect of Rsh 
and J02 on FF. Using PC2D simulation (Publication II-C), it was found that ηcell 
will gain 0.04% with J02 decreasing from 1·10-9 to 1·10-10 A·cm-2, which is mainly 
attributed to the gain of FF (0.13%) and the very small gain of Voc (0.2 mV).  

5.1.3.4 Series resistance loss mechanisms 
Rs-loss mechanisms were analyzed using Meier’s method [230], which is based 
on the measurement of Rs components in a sub-cell (see Publication II-B). As 
shown in Figure 5.4, the front grid resistance and the front emitter sheet 
resistance are the two main sources of Rs loss, which accounts for 38.0% (0.937 
mΩ) and 33.3% (0.814 mΩ) respectively. Front Ag/n+-Si contact resistance 
accounts for 2.7% (0.067 mΩ). These three loss components are attributed to 
the development of shallow front n+-emitter to achieve good short wavelength 
response, which in turn needs more fingers and specific Ag paste (for good 
ohmic contact). For the cell rear, the main loss is from the rear lateral spreading 
resistance of the substrate (12.5%, 0.308 mΩ). The resistance of Al-Si contact 
and Al conductive layer is relatively small.  

The reduction of FF (ΔFF) corresponding to the total series resistance (Rs-total) 
is given by Eq. 5.1, in which FFideal, Jsc and Voc can be referred to the result of 
suns-Voc test (Table 5.2). As a result, ΔFF is ~ -3%. For future improvement, the 
decrease of the resistance from the cell front can be achieved by the 
optimizations of front metallization engineering (Ag paste, front emitter, fine 
line printing, multi-busbar or no-busbar technology). The decrease of the rear 
lateral spreading resistance of the substrate can be achieved by optimal pattern 
design of rear local contact, as will be discussed in Chapter 5.1.4.3.  

 
  (5.1) 
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Figure 5.4. Analysis of Rs loss mechanisms of the PERC cell “A”. Note: 1) the calculated Rs-total 
is about 2.46 mΩ, which is very close to the value from the I-V test (2.41 mΩ); 2) the number of 
front Ag busbar is five; 3) see Publication II-B for details. Reprinted with permission from Haibing 
Huang, Jun Lv, Yameng Bao, Rongwei Xuan, Shenghua Suna, Sami Sneck, Shuo Li, Chiara 
Modanese, Hele Savin, Aihua Wang, Jianhua Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 
Rear Surface Passivation, Efficiency Loss Mechanisms Analysis and Roadmap to 24%, Solar 
Energy Materials and Solar Cells, Volume 161, March 2017, Pages 14-30. Copyright 2016, with 
permission from Elsevier.  

 

5.1.4 PC1D and PC2D Simulations: Recombination Loss Mechanisms 
Analysis  

In order to find effective solutions for further improvement of cell performance, 
and in combination with the cell efficiency loss analysis in Chapter 5.1.3, PC1D 
(version 5.9) and PC2D simulations were performed to investigate into the 
recombination loss mechanisms of the current PERC cell. The basic input 
parameters are summarized in Figure 5.5 (also see Table 8 in Publication II). 
The connection between J01 of the front surface passivated areas (J01, front surface) 
and front SRV (FSRV) can be referred to Appendix II of Publication II. The 
connection between J01 of the rear surface passivated areas (J01, rear surface) and 
rear SRV (BSRV) can be referred to the Appendix I of Publication II.  

 

 

Figure 5.5. The baseline input parameters of the industrial Al2O3 PERC cell used in the PC2D 
simulations. Reprinted with permission from Haibing Huang, Jun Lv, Yameng Bao, Rongwei Xuan, 
Shenghua Suna, Sami Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua Wang, Jianhua 
Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, Efficiency Loss 
Mechanisms Analysis and Roadmap to 24%, Solar Energy Materials and Solar Cells, Volume 
161, March 2017, Pages 14-30. Copyright 2016, with permission from Elsevier.  
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5.1.4.1 Recombination loss mechanisms analysis on current industrial PERC 
cell  
The general recombination loss analysis, the electron quasi-Fermi potentials 
(φn) operating at the MPP, and the collection efficiency of the baseline PERC 
cell are shown in Figures 5.6 and 5.7 respectively, and they were simulated using 
PC2D [216–218]. The gradient of the electron potentials indicates the direction 
of the electron current (electrons are the minority carriers in p-Si substrates). 
The collection efficiency was simulated by forward-biasing the cell (100 mV) in 
the dark and normalizing the excess pn product to the value at the p-n junction.  

 

 

Figure 5.6. The general analysis on the recombination loss mechanisms of the current baseline 
PERC cell. Reprinted with permission from Haibing Huang, Jun Lv, Yameng Bao, Rongwei Xuan, 
Shenghua Suna, Sami Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua Wang, Jianhua 
Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, Efficiency Loss 
Mechanisms Analysis and Roadmap to 24%, Solar Energy Materials and Solar Cells, Volume 
161, March 2017, Pages 14-30. Copyright 2016, with permission from Elsevier.  

 

Figure 5.7. The contour plot of φn/Vt (Vt=kT/q) at the MPP (a) and the collection efficiency of the 
baseline PERC cell (b). The n-type contact is in the top-left corner, and the p-type contact is in 
the bottom-left corner. The right edge is the midway both between the front Ag fingers and 
between the rear Al line contact arrays. Reprinted with permission from Haibing Huang, Jun Lv, 
Yameng Bao, Rongwei Xuan, Shenghua Suna, Sami Sneck, Shuo Li, Chiara Modanese, Hele 
Savin, Aihua Wang, Jianhua Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 Rear Surface 
Passivation, Efficiency Loss Mechanisms Analysis and Roadmap to 24%, Solar Energy Materials 
and Solar Cells, Volume 161, March 2017, Pages 14-30. Copyright 2016, with permission from 
Elsevier.  

As a continuation of the discussion in Chapter 5.1.3.3, J01 components were 
analyzed using PC2D simulations (Figure 5.6) based on the input parameters in 
Figure 5.5. Recombination from the cell rear (including dielectric and contact 
areas, as in the following) accounts for 16.2%, recombination from cell front 
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accounts for 43.5%, and bulk recombination accounts for 40.3%. Furthermore, 
even though most of electrons are collected at the n-type contact area in the top-
left corner, some electrons also recombine at the local p-type contact area in the 
bottom-left, indicating relatively higher recombination velocity at rear local 
contact areas (Figure 5.7-a). The collection efficiency of rear local contact areas 
is also lower than that of other areas in the PERC cell (see Figure 5.7-b). 

In summary, through the development on Al2O3 passivation and screen-
printed LBSF, recombination from cell rear is not the bottleneck limiting the 
ηcell, even if it is the primary concern of design and process of PERC. But the 
relatively higher recombination at the rear Al-Si contact indicates considerable 
potential improvement. Higher recombination from the cell front due to not 
good enough quality of the front n+-emitter and its passivation accounts for the 
largest percentage. Meanwhile, the improvement on LD, bulk can also contribute 
to improve cell performance.  

5.1.4.2 Bulk diffusion length and rear surface passivation 
The impact of LD, bulk and rear surface passivation on the cell performance was 
simulated. On the one hand, rear surface passivation, as the key design element 
of PERC, is the most decisive factor for cell Voc. However, this is not always the 
case in practice. As shown in Figure 5.8, the impact of rear surface 
recombination on cell performance is significant when J01, rear pass is higher than 
~ 5·10-14 A·cm-2 (Spass,rear>~45 cm·s-1), while it gradually becomes monotonously 
increasing when J01, rear pass is lower than ~2.5·10-14 A·cm-2 (Spass,rear<~25 cm·s-1). 
The J01, rear pass of the current baseline PERC cell is ~ 1·10-14 A·cm-2 (Spass≈6 cm·s-

1), and this indicates an excellent rear surface passivation. Under this 
circumstance, continuous improvement on rear surface passivation cannot 
bring obvious gain on PERC cell performances (Voc).  

 

 

Figure 5.8. Impact of LD, bulk and rear surface passivation on the PERC cell performance (5% of 
rear contact fraction). Reprinted with permission from Haibing Huang, Jun Lv, Yameng Bao, 
Rongwei Xuan, Shenghua Suna, Sami Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua 
Wang, Jianhua Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, 
Efficiency Loss Mechanisms Analysis and Roadmap to 24%, Solar Energy Materials and Solar 
Cells, Volume 161, March 2017, Pages 14-30. Copyright 2016, with permission from Elsevier.  
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On the other hand, long enough LD, bulk is also an essential prerequisite for 
PERC to fully utilize the high level of rear surface passivation. Further, LD, bulk 
can also impact the design window on rear surface passivation, with narrower 
passivation window for longer LD, bulk and vice versa. Currently, good-quality 
industrial p-type Cz-Si wafers normally have average LD, bulk of ~863 μm (τb≈250 
μs). There will be further 3-5 mV improvement on Voc with LD, bulk improving to 
1100–1200 μm (τb≈400-500 μs).  

5.1.4.3 Rear side metallization 
Once LD, bulk and rear surface dielectric passivation have good enough levels, 
recombination in rear contact areas starts to dominate. This section discusses 
the impact of rear contact patterns and Al-Si contact recombination on the cell 
performance. The discussion here is focused on line-array design of rear local 
contact due to a wider process tolerance on both laser ablation and screen-
printing Al LBSF (see Chapter 3.1.3). The conclusions are also suitable to the 
design of point or segment array.  

The impact of rear contact patterns on Rs-line (the increase of Rs-total due to the 
spreading effect and the lateral current flow of the majority carriers in the Si 
wafer towards rear local contacts), BSRV and ηcell was simulated (Figure 5.9). 
Rs-line and BSRV were calculated based on Fisher’s and Plagwitz’s model [235–
238] Cell efficiency was simulated using PC1D by establishing an equivalent 
circuit of a dielectric cell paralleling with a full Al-BSF cell. The light I-V curve 
of the PERC cell was generated by using the input parameters extracted from 
the two known paralleling sub-cells. The input parameters of the dielectric cell 
can be found in Table 8 of Publication II. The input parameters of the full Al-
BSF cell were based on the cell results in CSUN’s production line.  

As shown in Figure 5.9-a, the decrease of contact pitch (p) with fixed contact 
fraction (f) and the increase of f with fixed p can both decrease Rs-total. Meanwhile, 
the decrease of f with fixed p leads to a linear decrease of BSRV due to smaller 
Al-Si contact area and larger dielectric area, whereas the increase of p with fixed 
f only weakly decreases BSRV due to the same dielectric area. Moreover, smaller 
p has wider design window on f. On the one hand, when f is fixed, smaller p can 
lead to higher collection efficiency of the photogenerated carriers on the cell rear 
(the most ideal case is: LD, bulk >> p). On the other hand, smaller contact 
dimension can lead to lower Rs-total due to smaller lateral transporting power loss 
of the majority carriers. Due to the advantages on both BSRV (Voc) and Rs-total 

(FF), rear contact patterns with smaller p and suitable f lead to better ηcell, as 
shown in Figure 5.9-b. Furthermore, champion ηcell usually locates in the 
contact fraction range of 3%-10%, and the design window on f is also wide. 
Hence, 5% was used as the baseline f in all PC2D simulations in this study. 

It is also important to combine the simulation results with the real cases. On 
the one hand, the process torlerance on f is not so wide in practice, as also shown 
in Figure 5.9-b. The reason is that PC1D and PC2D simulations and Fischer’s 
model only theoretically consider the SRV and Rs-total of different contact 
patterns, but cannot simulate the problems in the real metallization process, 
such as Al-Si voids effect due to different designs of rear local contact pattern. 
On the other hand, the potential improvement from the optimization on rear 
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local contact relies on the capability of laser process (tool). The minimum line 
opening width of current industrial laser ablation process is ~ 20 μm. With 
continuous development on laser process, narrower line width (< 5-10 μm) can 
be achieved, and the design of point or segment pattern can also be applied into 
production, which can considerably further improve the cell performance.  

 

 
 

 

Figure 5.9. Impact of the contact fraction (f) and contact pitch (p) of rear local contact on Rs,line 
and BSRV (a), and the PERC cell efficiency (b). Note: line width=30 μm. Reprinted with 
permission from Haibing Huang, Jun Lv, Yameng Bao, Rongwei Xuan, Shenghua Suna, Sami 
Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua Wang, Jianhua Zhao, 20.8% Industrial 
PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, Efficiency Loss Mechanisms Analysis and 
Roadmap to 24%, Solar Energy Materials and Solar Cells, Volume 161, March 2017, Pages 14-
30. Copyright 2016, with permission from Elsevier.  
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Figure 5.10. Impact of rear local contact recombination on the PERC cell performance. Reprinted 
with permission from Haibing Huang, Jun Lv, Yameng Bao, Rongwei Xuan, Shenghua Suna, 
Sami Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua Wang, Jianhua Zhao, 20.8% 
Industrial PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, Efficiency Loss Mechanisms 
Analysis and Roadmap to 24%, Solar Energy Materials and Solar Cells, Volume 161, March 2017, 
Pages 14-30. Copyright 2016, with permission from Elsevier.  

The impact of rear local contact recombination on the cell performance was 
simulated. As shown in Figure 5.10, considerable improvement can be achieved 
by decrease of J01,rear cont. Figure 5.11 shows the electron quasi-Fermi potentials 
operating at the MPP and the collection efficiency with the decrease of J01,rear cont 
from 8.9·10-13 to 3.5·10-13 A·cm-2. Compared with Figure 5.7, less electrons 
recombine at the rear local contact areas, and the collection efficiency of these 
areas increases from 89.6% to 94.5%. The decrease of J01, rear cont can be achieved 
by using specific Al paste and optimal rear contact schemes. In the long run, by 
combining PVD Al [7,8] with selective p++ (boron) doping [239–241] on rear 
local contact areas, J01,rear cont can be further significantly decreased, as presented 
in the world-champion PERL cell [3]. Another potential alternative is to adopt 
carrier-selective p-contacts, i.e. TOPCon (tunnel oxide and passivated contact) 
[242,243].  

 

 

Figure 5.11. The contour plot of φn/Vt at the MPP (a) and the collection efficiency (b) of the PERC 
cell with J01, rear cont decreasing from 8.9·10-13 (baseline) to 3.5·10-13 A·cm-2 (Voc=664 mV, Jsc=38.65 
mA·cm-2, ηcell=20.76%). Reprinted with permission from Haibing Huang, Jun Lv, Yameng Bao, 
Rongwei Xuan, Shenghua Suna, Sami Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua 
Wang, Jianhua Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, 
Efficiency Loss Mechanisms Analysis and Roadmap to 24%, Solar Energy Materials and Solar 
Cells, Volume 161, March 2017, Pages 14-30. Copyright 2016, with permission from Elsevier.  

0 100 200 300 400 500
0

20
40
60
80

100
120
140
160

x (μm)

y 
(μ

m
)

-22.57
-22.53
-22.50
-22.46
-22.42
-22.39
-22.35
-22.31
-22.28

PHi_n(a)

0 100 200 300 400 500
0

20
40
60
80

100
120
140
160

x (μm)

y 
(μ

m
)

94.5
95.2
95.9
96.6
97.2
97.9
98.6
99.3
100.0

Collection efficiency (%)(b)



Results and Discussion 

52 
 

5.1.4.4 Front n+ emitter and its passivation 
Although the key design elements of PERC are mainly embodied in the cell rear, 
front n+ emitter is still crucial to the cell performance. As the key component of 
a solar cell, front emitter determines the collection efficiency of the 
photogenerated carriers. For this purpose, the impact of front n+ emitter with 
different FSRV on the PERC cell performance was simulated (Figure 5.12). It is 
seen that, front n+-emitter and its passivation are still crucial for PERC. Cell 
efficiency can significantly increase with the decrease of FSRV from 5000 to 500 
cm·s-1. For continuously decreasing FSRV, low surface concentration and deep 
emitter will be the preference. Note that a deep emitter can decrease J01, front cont 
and provides a wide process (e.g. RTP firing) window for the industrial cells. 
Additionally, based on the simulations, deep enough LBSF with suitable surface 
p+ concentration as well as good rear surface passivation can also improve cell 
performance (Voc gain: 1-2 mV, ηcell gain: 0.1%-0.15%), which can be achieved 
by continuous development of the LBSF Al paste and firing process.  

Finally, the decrease of front contact recombination (J01, front cont) can further 
improve the cell performance (Figure 5.13), which can be achieved by the co-
optimizations of screen-printed Ag paste combined with front n+-emitter profile. 
Meanwhile, continuous development on the screen printing process can further 
decrease the width of Ag finger (< 25 μm). In general, the development of front 
metallization engineering can continuously improve the cell performance. In 
the long run, light induced plating (LIP) Ni-Cu-Ag is a potential candidate [244].  

 

 

Figure 5.12. Impact of front n+-emitter profile (Erfc profile) with different FSRV on the PERC cell 
efficiency. Reprinted with permission from Haibing Huang, Jun Lv, Yameng Bao, Rongwei Xuan, 
Shenghua Suna, Sami Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua Wang, Jianhua 
Zhao, 20.8% Industrial PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, Efficiency Loss 
Mechanisms Analysis and Roadmap to 24%, Solar Energy Materials and Solar Cells, Volume 
161, March 2017, Pages 14-30. Copyright 2016, with permission from Elsevier.  
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Figure 5.13. Impact of front contact recombination on the PERC cell performance. Reprinted with 
permission from Haibing Huang, Jun Lv, Yameng Bao, Rongwei Xuan, Shenghua Suna, Sami 
Sneck, Shuo Li, Chiara Modanese, Hele Savin, Aihua Wang, Jianhua Zhao, 20.8% Industrial 
PERC Solar Cell: ALD Al2O3 Rear Surface Passivation, Efficiency Loss Mechanisms Analysis and 
Roadmap to 24%, Solar Energy Materials and Solar Cells, Volume 161, March 2017, Pages 14-
30. Copyright 2016, with permission from Elsevier.  

5.1.4.5 Summary 
Overall, the most effective approach to improve solar cell efficiency is to always 
find and improve the bottleneck that limits the ηcell in close combination with 
the design and development of cell parameters and process. Based on the loss-
mechanisms analysis of recombination and cell efficiency, the following 
conclusions can be obtained:    

(1) For the current industrial PERC cell, the bottleneck limiting the ηcell is the 
relatively high recombination from the cell front. The development of front n+-
emitter and its passivation can effectively improve Voc and Jsc. Futher, with 
continuously development of front metallization engineering, the main Rs (FF) 
loss component from the cell front and the front contact recombination can be 
continuously decreased.  

(2) For the cell rear, the optimizations on rear local Al-Si contact passivation 
as well as the contact pattern can also considerably improve Voc and FF. Process 
of rear side polishing needs to be developed to achieve more efficient light 
trapping. Continuous improvement on rear surface passivation is always good 
but not the primary concern. 

(3) Together with bulk diffusion length, front emitter and its passivation 
always provide a good base to industrial PERC cell in order to best exploit the 
good level of rear surface passivation and LBSF.  
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5.2 Industrial p-PERT Cell Using Fully Ion-implanted Roadmap  

Chapter 5.2 presents a systematical study on the development of fully ion-
implanted p-type PERT solar cell (Publication I, III and IV). The work focuses 
on B-implanted junction and its passivation (SiO2-based or (SiO2)/Al2O3/SiNx 
stacks), as well as the integration of implanted B- and P-junction doping and 
their passivation into p-PERT process. Chapter 5.2.1 studies the B-implanted 
junction and its passivation using in-situ grown SiO2 passivation, i.e. the 
combined effect of B-junction profile and SiO2 passivation parameters on B-
junction quality. Chapter 5.2.2 studies the junction (p+ and n+) passivation 
mechanisms of different dielectrics, with special focus on the changes caused by 
the thermal treatments typically present in the industrial solar cell process. 
Afterwards, Chapter 5.2.3 disucsses cell performance of the industrial p-PERT 
bifacial cells based on the fully ion-implanted roadmap and the two presented 
junction passivation schemes.   

5.2.1 Boron Implanted Emitter and In-situ Grown SiO2 Passivation 

For implanted emitter, emitter quality is largely impacted by the emitter profile 
and the emitter passivation, which are affected by the implant (energy E, dose 
D) and PIA (temperature T, time t, gas flow) parameters. Another important 
factor is the cure of implant-induced damage. Furthermore, emitter quality 
should be determined by an overall analysis of the emitter profile and the emitte 
passivation–not separately from each other. Therefore, the following DOE 
(design of experiment) and the process parameters of emitter doping and its 
passivation were selected (see Table 5.3). Table 5.3 also summarizes the lifetime 
results. These results are discussed in the following order: 1) impact of 
implantation and PIA parameters on B-emitter profile and SiO2 passivation 
(Chapter 5.2.1.1); 2) impact of junction profile and SiO2 passivation on B-
emitter quality (Chapter 5.2.1.2), and 3) impact of implantation and PIA 
parameters on B-emitter quality (Chapter 5.2.1.3).  
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Table 5.3. The DOE and results of the lifetime experiments (measured after the PIA) for B-
implanted emitters. 1) The specified ∆n for τeff is ~2.5·1015 cm-3 (~ 1-sun injection). 2) PIA 
parameters: TA1=TA2=1050°C, TA3=1000°C; t (the total time of the in-situ oxidation sub-step, i.e. 
dry oxidation-TCA oxidation-dry oxidation, ~1% TCA in O2), tA1=30 min, tA2=tA3=165 min. 3) Bsurf 
and Xj were extracted from Ssuprem simulation; R□ and dSiO2 were measured. 4) There is only 
one sample for group 5-2.7-A2, which follows the same trend with all the rest relevant groups. 
Thus, group 5-2.7-A2 is not shown in the following Figure 5.14. Reprinted with permission from 
Haibing Huang, Lichun Wang, Lisa Mandrell, Chiara Modanese, Shenghua Sun, Jianbo Wang, 
Aihua Wang, Jianhua Zhao, Babak Adibi, Hele Savin, Boron Implanted Junction with In-situ Oxide 
Passivation and Application to p-PERT Bifacial Silicon Solar Cell, Physica Status Solidi A: 
Applications and Materials Science, 2019. Copyright 2019, with permission Wiley-VCH Verlag 
GmbH & Co. KGaA.  

Group E 
(keV) D (cm-2) PIA 

B-emitter profile dSiO2 
(nm) 

J0e, average 
(fA·cm-2) 

J0e, best 
(fA·cm-2) τeff (μs) i-Voc 

(mV) Bsurf (cm-3) Xj (μm) R□ (Ω/□) 
5-1.3-A1 

5 

1.3·1015 
A1 8.5·1018 1.94 125 55 27.5 23.5 276 668 

5-1.3-A2 A2 4.4·1018 2.56 140 235 8 5.9 337 676 
5-1.3-A3 A3 5.4·1018 2.13 149 149 6.8 5.4 345 677 
5-2.7-A2 2.7·1015 A2 8.5·1018 2.67 91 235 12.1 313 673 
5-3.8-A1 

3.8·1015 
A1 1.5·1019 1.99 85 56 49.8 47.5 197 655 

5-3.8-A2 A2 1.3·1019 2.76 67 236 9 7.7 353 678 
5-3.8-A3 A3 1.6·1019 2.42 69 150 22.5 20 283 669 
5-6.0-A1 6.0·1015 A1 2.1·1019 2.1 65 56 51.5 48.3 192 654 
5-6.0-A2 A2 1.8·1019 2.94 52 237 22.2 16.7 297 671 
10-1.3-A1 

10 

1.3·1015 
A1 8.8·1018 2.05 115 55 29.3 24.4 269 667 

10-1.3-A2 A2 4.0·1018 2.62 144 235 7.7 4.6 380 681 
10-1.3-A3 A3 5.7·1018 2.14 145 149 38.6 33.8 237 662 
10-3.8-A1 

3.8·1015 
A1 2.2·1019 2.24 60 56 57.5 49.8 181 652 

10-3.8-A2 A2 1.2·1019 2.82 68 236 17.2 8.5 328 675 
10-3.8-A3 A3 1.6·1019 2.43 66 150 43.5 39.6 213 658 
10-6.0-A1 6.0·1015 A1 3.2·1019 2.38 44 56 58.7 53.9 172 650 
10-6.0-A2 A2 1.9·1019 2.95 51 237 39.5 32.1 243 663 

 

5.2.1.1 Impact of implant and anneal parameters on boron emitter profile 
For ion implantation doping, the PIA thermal budget is crucial to the junction 
quality and it should be high enough to maximally cure the implant-induced 
damage, and to fully electrically activate and well redistribute the implanted 
dopants. Based on Ssuprem simulation results (by comparing the total and 
active B dopants profiles), for the implant parameters ranges of this study, the 
lowest T for a full activation of the implanted B dopants is ~970°C. By selecting 
high enough thermal budgets for the PIA in the experiments (Table 5.3), the 
target was to meet the above requirements as much as possible. In addition, 
based on the author’s research and also consistent with Ref.s [30,245], a thin 
SiO2 does not provide the required surface passivation quality, and a 
considerable Voc reduction occurs when the SiO2 is thinner than ~50 nm due to 
the reduced rear surface passivation quality on e.g. PERC or PERT. This may be 
linked to a lower Dit at the Si/SiO2 interface provided by thicker SiO2 (better film 
density). Thus, a thick enough in-situ grown SiO2 is vital to well passivate the B-
implanted junction.  

The Ssuprem simulated B-emitter profiles and the impact of implantation and 
PIA parameters on Bsurf, Xj, R□ and dSiO2 are discussed in Publication III (Sec. 
3.1.1, Fig.s 3-4). Note that the Bsurf discussed in this work refers to the electrically 
active B concentration at the Si surface. Both Bsurf and Xj are mainly affected by 
the D and PIA parameters. Consequently, emitter profile and R□ are also mainly 
affected by the D and PIA parameters. The implant E mainly affects the as-
implanted B-dopants profiles, and its impact on the annealed junction profiles 
needs to be analyzed by combing it with the D and PIA parameters. Further, 
according to Publication III (Sec. 3.1.1, Fig. 4), with E in the range 5-10 keV and 
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fixed D and PIA parameters, the following can be observed. 1) a lower E gives a 
slightly shallower Xj; 2) with varying D and fixed PIA parameters, a lower E 
gives a lower Bsurf; such trend becomes more distinct with increasing D; 3) with 
fixed D, the PIA with a relatively low thermal budget (A1, A3) shows that a lower 
E gives a lower Bsurf; however, the PIA with high enough thermal budget (A2) 
shows that a higher E gradually starts to give a slightly lower Bsurf; 4) thus, a 
lower E gives a slightly higher R□; 5) overall, in comparison with the effects of 
PIA and D, the change of E in the range 5-10 keV has a small impact on J0e of 
the annealed junction profiles. In summary, the implant and PIA parameters in 
this study give a moderately low Bsurf (range: 4.0·1018-3.2·1019 cm-3), 
appropriately deep Xj (range: 1.9-3.0 μm) and enough dSiO2 (range: 55-237 nm), 
with R□ in the range 44-150 Ω/□.  

5.2.1.2 Impact of junction profile and SiO2 passivation on the quality of B-
implanted emitter 
J0e as a function of Bsurf and Xj are shown in Figure 5.14. It is seen that, low J0e 
is obtained with low Bsurf, appropriate Xj and thick enough dSiO2. It is also found 
that group A3 does not follow the same trend as the other two groups (A1, A2), 
which might be due to inadequate thermal budget to cure the implant-induced 
damage, as discussed in Chapter 5.2.1.3.  

In order to gain a further insight, simulations were performed combined with 
experimental results. First, the Sn at the p+-emitter surface was determined 
based on PC1DmodV6.2 simulations in conjunction with the Ssuprem simulated 
B-emitter profiles and the measured J0e. In the simulation, the input Qf of the 
thermally grown SiO2 is the COCOS measured result, i.e. (1.0±0.1)×1011 cm-2, 
which is also consistent with Ref. [50]. Therefore, the field-effect passivation of 
the thermally grown SiO2 is very weak so that the B-emitter passivation is 
mainly determined by the chemical passivation of SiO2/p+-Si interface 
[115][117]. Within the emitter-parameter ranges of this study, the PC1D 
simulation error of Sn resulting from the error of the COCOS measured Qf is in 
the range 0.5-1.1%. The Sn simulation-error resulting from the small deviations 
between Ssupreme simulation and SIMS measurement is <5%. Considering all 
the above, the extracted Sn as a function of Bsurf and dSiO2 is shown in Figure 5.15, 
whereby the PC1D simulation errors are small and acceptable, and thus are not 
shown. It is seen that Sn depends much on both Bsurf and surface passivation 
process conditions. The purple curve in Figure 5.15 is the Sn0 parameterization 
in Si:B from Altermatt et al. [215]. The blue curve is fitted from the J0e of A2 with 
the Bsurf range of 4.0·1018 to 1.9·1019 cm-3 (Table 5.3). The extracted Sn of A1 is 
close to the Sn0 parameterization in Si:B, whereas relatively lower Sn of A2 is due 
to a better surface passivation level provided by the thick (~235 nm) thermally 
grown SiO2. The extracted Sn of A3 presents yet a different trend and will be 
discussed in Chapter 5.2.1.3. Based on the Sn curves from the Sn0 
parameterization in Si:B and the A2, the PC1D simulated contour plots of J0e as 
a function of Bsurf and Xj are shown in Figure 5.16. In the following, parameters 
are discussed by combining the experimental results with the simulations.  

As shown in Figure 5.15 (A2), with Bsurf increasing from 4.0·1018 to 1.9·1019 cm-

3, Sn increases gradually from ~200 to ~1300 cm·s-1. Within the Bsurf range of 
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1·1018 to 1·1020 cm-3, the p-n junction built-in field is strong enough to separate 
the photogenerated carriers while Auger recombination does dominate [68,129]. 
Thus, lower Bsurf leads to lower Sn and thus lower J0e due to the decreased Auger 
recombination. Further, according to Figure 5.16-a, with Bsurf <1·1019 cm-3, very 
low J0e (<15-20 fA·cm-2) can be obtained in a very wide Xj-range (0-3 μm); with 
Bsurf between 1·1019 and 5·1019 cm-3, low enough J0e (<~45 fA·cm-2) can still be 
obtained in a wide enough Xj-range (0-2.5 μm); while with Bsurf >5·1019 cm-3, J0e 
of 60-85 fA·cm-2 could be obtained only in a narrow range with a shallow Xj (0-
1 μm). Therefore, decreasing Bsurf can also widen the J0e design window on Xj, 
i.e. to obtain the same low level of J0e by allowing deeper Xj.  

 

 

Figure 5.14. The J0e (best of each group in Table 5.3) of B-emitter as a function of Bsurf and Xj. 
Reprinted with permission from Haibing Huang, Lichun Wang, Lisa Mandrell, Chiara Modanese, 
Shenghua Sun, Jianbo Wang, Aihua Wang, Jianhua Zhao, Babak Adibi, Hele Savin, Boron 
Implanted Junction with In-situ Oxide Passivation and Application to p-PERT Bifacial Silicon Solar 
Cell, Physica Status Solidi A: Applications and Materials Science, 2019. Copyright 2019, with 
permission Wiley-VCH Verlag GmbH & Co. KGaA.  

As aforementioned, in order to obtain a low enough Bsurf and enough dSiO2, the 
PIA has to have a relatively high thermal budget, thus leading to a deep Xj. If in-
situ oxidation is not used in the PIA, low J0e can also be obtained in a shallow-
Xj range with good surface passivation using other passivation schemes (e.g. 
Al2O3). Further, as shown in Figure 5.16 and consistent with Ref.s [74][246], 
deep emitter relies much on a low enough Sn, whereas such reliance of shallow 
emitter on the Sn is much smaller. For industry, the fabrication of ultra-shallow 
junction is challenging due to the difficulty in controlling the doping process. 
Therefore, appropriately deep junction (>1 μm) with good surface passivation is 
also a good alternative.  

Surface passivation level also strongly depends on surface passivation process 
conditions. For example at a fixed Bsurf of 8.5·1018 cm-3, increasing the dSiO2 from 
55 to 235 nm decreases the Sn from ~1100 to ~465 cm·s-1 (Figure 5.15). Further, 
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as shown in Figure 5.16, the impact of surface passivation on J0e is closely linked 
to Bsurf and Xj. Better surface passivation can both decrease J0e and tune and 
widen the optimal J0e design window by allowing higher Bsurf and deeper Xj, thus 
tuning and widening the design window of cell-structure parameters and 
process parameters. The result is also consistent with Ref.s [74][246].  

 

 

Figure 5.15. Sn as a function of Bsurf with different dSiO2, extracted using PC1D simulation (F-D 
statistics and Schenk’s BGN model [206]) in conjunction with the Ssuprem simulated B-emitter 
profiles and the measured J0e. The purple and the blue curve are the Sn0 parameterization in Si:B 
[215] and the fitted J0e of A2, respectively. Reprinted with permission from Haibing Huang, Lichun 
Wang, Lisa Mandrell, Chiara Modanese, Shenghua Sun, Jianbo Wang, Aihua Wang, Jianhua 
Zhao, Babak Adibi, Hele Savin, Boron Implanted Junction with In-situ Oxide Passivation and 
Application to p-PERT Bifacial Silicon Solar Cell, Physica Status Solidi A: Applications and 
Materials Science, 2019. Copyright 2019, with permission Wiley-VCH Verlag GmbH & Co. KGaA. 

Emitter R□ is the overall reflection of emitter doping level, embodying the 
impact of Nsurf and Xj on emitter quality. It is noteworthy that, without 
considering the surface passivation levels, there is no clear relation between J0e 
and R□. Under equivalent surface passivation levels, J0e can be directly evaluated 
from R□ with the trend of decreased J0e with increased R□ (see Pulication III, Fig. 
5-b). On the other hand, different J0e can be obtained at a fixed R□ with different 
surface passivation levels. Figure 5.16-c presents the PC1D simulated contour 
plots of R□ as a function of Bsurf and Xj. Thereby, practical conclusions can be 
obtained through the combined analysis between Figure 5.16-c and Figures 
5.16-a/b. As an important example, it is seen that, with the same good enough 
surface passivation level and R□, deep emitter (low Bsurf) has an advantage over 
shallow emitter (high Bsurf) on J0e. Such advantage becomes more distinct when 
surface passivation improves. For industry, a deeper junction is easily fabricated, 
and it also provides a wider process (e.g. RTP firing) tolerance for decreasing 
metal contact recombination due to spiking of metal paste. Hence, with the 
surface passivation level continuously improving using advanced technologies, 
appropriately deep junction (>1 μm) can offer a promising alternative.    
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Figure 5.16. The PC1D simulated contour plots of J0e (a, b) and R□ (c) as a function of Bsurf and 
Xj. The Sn of different Bsurf in (a) and (b) are set based on the Sn0 parameterization in Si:B [215] 
and fitted J0e-curve of A2 (Figure 5.15), respectively. The Bsurf range (4.0·1018 -2.0·1019 cm-3) in (b) 
is narrower than (a) due to the experimental Bsurf range of A2 (4.0·1018 -1.9·1019 cm-3) in this study. 
Reprinted with permission from Haibing Huang, Lichun Wang, Lisa Mandrell, Chiara Modanese, 
Shenghua Sun, Jianbo Wang, Aihua Wang, Jianhua Zhao, Babak Adibi, Hele Savin, Boron 
Implanted Junction with In-situ Oxide Passivation and Application to p-PERT Bifacial Silicon Solar 
Cell, Physica Status Solidi A: Applications and Materials Science, 2019. Copyright 2019, with 
permission Wiley-VCH Verlag GmbH & Co. KGaA.  
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5.2.1.3 Impact of implantation and anneal parameters on B-junction quality  
The impact of B implantation and PIA parameters on J0e are shown in Figure 
5.17. As discussed in Chapter 5.2.1.1, within the parameter ranges of this study, 
the B-emitter profile and dSiO2 (mainly controlled by the PIA) are mainly affected 
by the D and PIA parameters. As a result, J0e is mainly affected by the D and PIA 
parameters, especially the latter. Generally, a lower D leads to a lower Bsurf and 
thus a lower J0e. According to Figure 5.17, doses of 1.3·1015 to 3.8·1015 cm-2 are 
optimal to obtain low enough J0e, while a higher D (6.0·1015 cm-2) gives a 
somewhat higher J0e. Similarly, a higher thermal budget throughout the PIA or 
in the in-situ oxidation sub-step leads to lower Bsurf, deeper Xj and thicker dSiO2; 
and thus a lower J0e. A higher thermal budget (A2) gives J0e of 5-30 fA·cm-2, 
while a lower thermal budget (A1) gives J0e of 23-60 fA·cm-2.  

The impact of E on J0e is mainly reflected in two aspects. On the one hand, the 
implant E can lead to implant-induced damage. Normally, a higher E may lead 
to higher implant-induced damage, which requires a higher thermal budget to 
cure. Incomplete cure of implant-induced damage is not good for emitter quality. 
On the other hand, as discussed in Chapter 5.2.1.1, implant E mainly affects the 
as-implanted profile, which evolves into the final annealed junction profile after 
PIA. Thus, the impact of E on the final junction profile is actually a part of an 
overall action resulting from a combination of the parameters of E, D and PIA, 
thus affecting the J0e. Therefore, the impact of E on J0e should be overall 
analyzed by combining the cure of implant-induced damage and the impact on 
B-emitter profile parameters, as discussed in the following.  

According to Figure 5.14, the J0e with A3 (the lowest anneal T) does not follow 
the same trend as with A1 and A2, showing unexpectedly high J0e. To further 
analyze this, theoretical J0e of 10-1.3-A3 and 10-3.8-A3 were extracted using 
PC1D (see Table 2 in Publication III) based on the experimental Sn-behavior of 
5-1.3-A3 and 5-3.8-A3. The clearly higher experimental J0e compared to the 
simulation implies that the implant-induced defects with 10 keV are not cured 
by A3 to a large extent, but rather still remain in the emitter and thus negatively 
impact J0e. By contrast, the implant-induced defects with 5 keV annealed by A3 
seem to play a relatively minor role in impacting J0e, which can be indirectly 
inferred from the consistent trend with A2 and A1 (Figure 5.14).  

For A2 and A1 with a high thermal budget, the implant-induced defects with 5-
10 keV plays a relatively minor role in impacting J0e, as indirectly inferred from 
the consistent trend of A2 and A1 (Figure 5.14). In this case, the impact of E on 
the B-emitter profile parameters plays a major role in impacting J0e. According 
to Figure 5.14, with fixed D and PIA parameters, a lower E in the range 5-10 keV 
gives a slightly lower J0e. This is because a lower E with fixed D and PIA 
parameter gives a slightly lower Bsurf and shallower Xj (thus higher R□), as 
discussed in Chapter 5.2.1.1. Overall, for A2 and A1, the impact of E in the range 
of 5-10 keV has a relatively small impact on J0e as compared with PIA and D. 



Results and Discussion 

61 
 

 

Figure 5.17. Impact of B-implant E, D and PIA parameters on J0e (best of each group). Reprinted 
with permission from Haibing Huang, Lichun Wang, Lisa Mandrell, Chiara Modanese, Shenghua 
Sun, Jianbo Wang, Aihua Wang, Jianhua Zhao, Babak Adibi, Hele Savin, Boron Implanted 
Junction with In-situ Oxide Passivation and Application to p-PERT Bifacial Silicon Solar Cell, 
Physica Status Solidi A: Applications and Materials Science, 2019. Copyright 2019, with 
permission Wiley-VCH Verlag GmbH & Co. KGaA.  

Figure 5.18 shows the Sinton-tester measured and calculated implied Voc (i-
Voc) at 1-sun and the LD, bulk as a function of J0e. The calculations were based on 
the lifetime results (Table 5.3) using the theory of the photo conductance decay 
method [184,185,192,193]. Firstly, the i-Voc loss of 7 mV from the τb, initial limited 
i-Voc (710 mV) to the τb limited i-Voc after “PIA” without B implantation (703 
mV) is due to the τb degradation caused by the same thermal treatment as PIA 
without B implantation. Based on our study, this level of τb degradation and i-
Voc loss due to the high temperature (>1000°C) treatment is quite typical. Then, 
the i-Voc loss of 25-30 mV from the calculated τb limited i-Voc after B implant 
and PIA to the τb, initial limited i-Voc is attributed to the clear τb degradation 
resulting from a combined effect of insufficient anneal of the B-implant induced 
defects and a high temperature treatment. Further, according to Figure 5.18, the 
relatively large gap of i-Voc (10-50 mV) between the calculated τb limited i-Voc 
after B-implant and PIA and the calculated J0e limited i-Voc also indicates that, 
such low τb (LD, bulk) limits the experimental i-Voc after B implantation and PIA. 
The insufficient anneal of implant-induced defects is likely to increase the bulk 
SRH recombination [47,247]. This can be inferred from the onset of the Kane 
and Swanson plot for the J0e-fit (see Fig. 6 in Publication III), which shows a 
non-linear injection-level dependence with the inverse Auger-corrected 
effective lifetime in the ∆n-range 7.5·1015 to 1.5·1016 cm-3.  

Previous studies have shown that, after PIA with a typical thermal budget for 
solar cells (T>950°C), the primary B implant damage evolves into a defect 
configuration in which two types of secondary defect survive. They are end-of-
range dislocation loops (DLs) [47,248–250] and boron interstitial clusters 
(BICs) [44,49,248,251]. DLs are formed at the amorphous/crystalline interface 
after a high dose amorphizing implant due to the existence of a supersaturation 
of interstitials in the region. DLs were found to correlate with J0e 

[47,247,252,253]. BICs may form during ion implantation and thermal anneal 
due to interaction of B atoms and free Si, and need high enough thermal budget 
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to completely dissolve. Inadequate thermal budget cannot completely activate 
the implanted B dopants due to incompletely dissolved BICs [44,49,251]. The 
presence of BICs can be proved indirectly by the difference between total and 
active B dopants profiles [44]. In this study, the τb degradation of all the lifetime 
samples after B implantation and PIA and the correspondingly high 
experimental J0e of 10-1.3-A3 and 10-3.8-A3 are more likely to be limited by DLs 
rather than BICs (see Publication III-Sec. 3.1.3). In addition, the insufficient 
anneal of the implant-induced defects (DLs) on the samples of 10-1.3-A3 and 10-
3.8-A3 may mainly impact the emitter surface. This might be due to the low 
anneal T of A3 combined with a relatively high implant E (1000°C, 10 keV); 
While for other groups with relatively high thermal budget, the insufficient 
anneal of the implant-induced defects (DLs) may mainly impact the Si bulk.  

 

 

Figure 5.18. Implied-Voc at 1-sun and LD, bulk as a function of J0e. 1) The data of i-Voc and LD are 
plotted with solid circle and hollow diamond with different colors, respectively. 2) The experimental 
i-Voc after B implant and PIA can also be found in Table 5.3. 3) The τb, initial limited i-Voc was 
measured on the as cut n-Si wafers. The τb limited i-Voc only after “PIA” without B-implantation 
was measured after the same thermal process as PIA (in an oxidation furnace) without B-
implantation. The LD0 and LD1 were calculated from the measured τb, initial and τb, after “PIA” without B 

implantation, respectively. Before τb-measurement, a NAOH-etching of ~40 μm was implemented on 
the samples. 4) The calculations of τb limited i-Voc after B implant and PIA, J0e limited i-Voc and 
LD2, after B implantation and PIA were based on the lifetime results (Table 5.3) using the theory of the photo 
conductance decay method. 5) General assumptions in the calculation: T=298 K, Vth=25.86 mV, 
ni=8.5·109 cm3; n-Si wafers, Nb=2.35·1015 cm-3, W≈180 μm; 1-sun, photogeneration = 38 mA·cm-
2, optical constant: 0.77. Reprinted with permission from Haibing Huang, Lichun Wang, Lisa 
Mandrell, Chiara Modanese, Shenghua Sun, Jianbo Wang, Aihua Wang, Jianhua Zhao, Babak 
Adibi, Hele Savin, Boron Implanted Junction with In-situ Oxide Passivation and Application to p-
PERT Bifacial Silicon Solar Cell, Physica Status Solidi A: Applications and Materials Science, 
2019. Copyright 2019, with permission Wiley-VCH Verlag GmbH & Co. KGaA.  

In summary, the experimental results indicate that, the samples of each group 
suffer from unexpectedly low τb due to insufficient anneal of the B-implant 
induced defects, which limits the experimental i-Voc after B implantation and 
PIA and thus the Voc of solar cells. Further research should be carried out in the 
future for a deep investigation to achieve sufficient cure of the implant-induced 
defects and thus to decrease the τb degradation.  
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5.2.2 Junction (p+ and n+) Passivation Using SiO2/Al2O3/SiNx Stacks  

This chapter systematically studies the junction (p+ and n+) passivation 
mechanisms of different stacks, namely Al2O3, Al2O3/SiNx, SiO2/Al2O3, 
SiO2/Al2O3/SiNx and SiO2/SiNx, with special focus on the changes caused by the 
thermal treatments typically present in industrial solar cell fabrication, as well 
as in pursuit of the best final (after firing) junction passivation quality. The 
lifetime and cell experimental methods can be referred to Chapter 4.  

5.2.2.1 Lifetime results: effective SiO2/Al2O3/SiNx passivation on B and P 
emitter  
In order to implement the lifetime results to the solar cells, the dfilm of each layer 
of the stacks and thermal treatments were designed considering the practical 
limitations related to cell structure and process. Hence, the lifetime results can 
reflect to some extent the cell performance.  

First, the passivation of p+-emitter is studied. The J0e of B emitter (hereinafter 
denoted as J0,p+) with different stacks as a function of the undergone thermal 
processes, is shown in Figure 5.19. Right after the Al2O3 process, there is scarcely 
any passivation effect on the B emitter without SiO2, while there is weak 
passivation provided by the 7 nm SiO2. Only considering the J0,p+ after the post-
Al2O3 furnace anneal (hereinafter denoted as PAFA), Al2O3/(SiNx) is 
significantly better than SiO2/Al2O3/(SiNx). After firing, the J0,p+ with SiO2 is 
clearly better than without SiO2. Furthermore, a SiNx capping layer can further 
decrease J0,p+. It was confirmed in previous study [109] that, for the stacks used 
here, ≤10 nm ALD Al2O3 (TMA and O3 based) scarcely suffers from blistering 
after undergoing the thermal processes in the lifetime and cell experiments. 
Thus, the better post-fired J0,p+ of SiO2/Al2O3/(SiNx) cannot be attributed to a 
reduced blistering problem. Overall, the results indicate that the thin SiO2 
between p+-Si and Al2O3 as well as the SiNx capping layer can improve the firing 
stability of Al2O3, thus decreasing J0,p+.  

The corresponding J0e data on n+-emitter (J0,n+) are shown in Figure 5.20. In 
all cases, bare Al2O3/(SiNx) provided poor passivation, while SiO2/Al2O3/(SiNx) 
achieved good J0,n+, especially after firing (even slightly better than SiO2/SiNx). 
Similarly to B emitters, a SiNx capping layer further decreases J0,n+. Overall, the 
results indicate that the thin SiO2 between n+-Si and Al2O3 is critical to decrease 
J0,n+, and that the SiNx capping layer improves the firing stability of Al2O3.  

A further discussion in Publication IV (Sec. 3.1, Fig. 5) indicated that, over a 
broad R□B range, the Al2O3/(SiNx) stacks could achieve a good J0p+ right after the 
PAFA, but they did not maintain it after firing, thus implying a loss of cell 
performance. In comparison, the SiO2/Al2O3/SiNx stacks achieved a good post-
fired J0,p+ and J0,n+ over a broad R□-range, as demonstrated by post-fired 
J0,p+=20-50 fA·cm-2 with R□B-range of 115-60 Ω/□ and post-fired J0,n+=30-50 
fA·cm-2 with R□P-range of 100-70 Ω/□. It is worth noting that, such results were 
also found in BBr3- or POCl3-diffused emitters in the author’s previous 
unpublished study. The above results are also consistent with Ref.s 
[93,116,117,125–128], which have mainly focused on the lab research and are 
based on different research perspectives, showing effective surface passivation 
of p-Si and n-Si using SiO2/Al2O3/(SiNx) synthesized by various methods.  
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Figure 5.19. Measured J0,p+ (average) with different stacks as a function of the thermal processes. 
B-emitter parameters: Nsurf≈1.2·1019 cm-3, Xj≈2.82 μm, R□=69 Ω/□. Reprinted with permission 
from Haibing Huang, Chiara Modanese, Shenghua Sun, Guillaume von Gastrow, Jianbo Wang, 
Toni P. Pasanen, Shuo Li, Lichun Wang, Yameng Bao, Zhen Zhu, Sami Sneck, Hele Savin, 
Effective passivation of p+ and n+ emitters using SiO2/Al2O3/SiNx stacks: Surface passivation 
mechanisms and application to industrial p-PERT bifacial Si solar cells. Solar Energy Materials 
and Solar Cells, 356–364 (2018). Copyright 2018, with permission from Elsevier.  

 

Figure 5.20. Measured J0,n+ (average) with different stacks as a function of the thermal processes. 
P-emitter parameters: Nsurf≈8.8·1019 cm-3, Xj≈0.30 μm, R□=100 Ω/□. The samples with the 
SiO2/SiNx stacks did not undergo the PAFA. Reprinted with permission from Haibing Huang, 
Chiara Modanese, Shenghua Sun, Guillaume von Gastrow, Jianbo Wang, Toni P. Pasanen, Shuo 
Li, Lichun Wang, Yameng Bao, Zhen Zhu, Sami Sneck, Hele Savin, Effective passivation of p+ 
and n+ emitters using SiO2/Al2O3/SiNx stacks: Surface passivation mechanisms and application 
to industrial p-PERT bifacial Si solar cells. Solar Energy Materials and Solar Cells, 356–364 
(2018). Copyright 2018, with permission from Elsevier.  

5.2.2.2 p+ and n+ emitter passivation mechanisms of SiO2/Al2O3/SiNx stacks 
The effective passivation of p+ and n+ emitters using SiO2/Al2O3/SiNx stacks 
should be linked to a good chemical passivation, a good field-effect passivation, 
or both. In Chapter 5.2.2.2, in order to further explain the lifetime results, the 
emitter passivation mechanisms of different dielectric stacks was investigated 
by combining experimental results with simulation results.  

1. Changes in field-effect and chemical passivation during the thermal 
processes 
This section firstly discusses the changes in field-effect passivation of each 
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stacks during the thermal processes by measuring the Qeff (Figure 5.21). It is 
seen that the negative Qeff of Al2O3/(SiNx) on both p+- and n+-emitter was -
2.5·1012 cm-2 after PAFA; while a 7 nm SiO2 interlayer decreased the negative 
Qeff by a factor of 3.5 and 11.4 on p+- and n+-emitter, respectively. Further, after 
a full activation of the Qf of Al2O3 by the PAFA, the subsequent PECVD and firing 
hardly affected the Qeff . A SiNx capping layer on top of Al2O3 also did not affect 
the Qeff. The charge levels are similar between p+- and n+-emitters despite a 
slight difference. The results are consistent with Ref.s [114–118]. The tuning of 
Qeff by the SiO2 interlayer follows a model with two regimes as a function of dSiO2, 
i.e. 1) dominated by the tunneling of electrons from Si through SiO2 into Al2O3 
defects states near SiO2/Al2O3 interface for dSiO2<d0 (where d0 is the threshold 
thickness for zero-Qeff of SiO2/Al2O3/(SiNx)) and 2) dominated by charges 
intrinsic to the SiO2 for dSiO2>d0. Due to different positive Qf in the SiO2, 
different SiO2 synthesis methods result in different d0. In this study, 7 nm is 
lower than the d0 of thermally grown SiO2, and thus the stacks shows a negative 
Qeff. The difference in Qeff between p-Si and n-Si in case of SiO2/Al2O3/(SiNx) is 
due to the different effective tunneling barrier thickness, which is caused by the 
different band structure formed at the Si/SiO2 interface when band bending 
occurs due to the presence of built-in charges [115]. Additionally, an excessive 
thermal budget could also reduce to some extent the already fully activated Qf 
of Al2O3, as discussed in Chapter 5.1.1. In this study, the thermal budget of the 
subsequent remote PECVD SiNx (400ºC, ~10 min) and RTP firing is acceptable 
and only very slightly reduced the Qf of Al2O3 (from -2.5·1012 to -2.4·1012 cm-2). 
Therefore, the Qeff of the (SiO2)/Al2O3/(SiNx) stacks was nearly unchanged in 
these thermal treatments.  

 

 

Figure 5.21. The measured Qeff of all stacks as a function of the thermal processes: Qeff measured 
on (a) p-type and (b) n-type Si substrate. Qeff error is ~1·1010 (1·1011) cm-2 with the Qeff in the 
order of 1011 (1012) cm-2. dfilm of each layer as in Figures 5.19-5.20. Reprinted with permission 
from Haibing Huang, Chiara Modanese, Shenghua Sun, Guillaume von Gastrow, Jianbo Wang, 
Toni P. Pasanen, Shuo Li, Lichun Wang, Yameng Bao, Zhen Zhu, Sami Sneck, Hele Savin, 
Effective passivation of p+ and n+ emitters using SiO2/Al2O3/SiNx stacks: Surface passivation 
mechanisms and application to industrial p-PERT bifacial Si solar cells. Solar Energy Materials 
and Solar Cells, 356–364 (2018). Copyright 2018, with permission from Elsevier.  

In summary, for all stacks, the nearly unchanged Qeff after the PAFA indicated 
a nearly unchanged field-effect passivation in the subsequent thermal processes, 
for both B and P emitter. Hence, the changes in emitter passivation quality (J0e) 
are attributed mainly to the changes in chemical passivation. In order to gain 
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further insights, parameters are discussed in the following by combining 
experimental results with simulation results. Here, it is worth stressing that, the 
Qeff in any of the stacks is not enough to invert the emitters in this study (see Fig. 
7 in Pulication IV).  

PC1DmodV6.2 simulations were performed to investigate the changes in 
chemical passivation of each stacks in the thermal processes. The measured Qeff 
and J0e were input to extract Sn (Sp). Figures 5.22-a and 5.23-a present the Sn 

(Sp) as a function of the thermal processes and different stacks, corresponding 
to Figures 5.19 and 5.20, respectively. Here, the PC1D simulation error of Sn and 
Sp resulting from the error of the input COCOS-measured Qeff is within 0.7% 
(4.8%) with Qeff in the order of 1011 (1012) cm-2. The simulation error is small and 
thus not shown in the figures. Then, to further understand the passivation 
mechanisms of different stacks, the simulated J0p+ (J0n+) contour plot as a 
function of Qeff and Sn (Sp) is shown in Figure 5.22-b (5.23-b), which reveals the 
basic rules of the comprehensive effect of field-effect and chemical passivation 
on the overall emitter passivation (J0e). In Figure 5.22-b, typical combinations 
(a, b, c, d, e) of parameters of field-effect and chemical passivation to reach a 
J0p+=36 fA·cm-2 (the best J0p+ in Figure 5.19) are marked, which will be 
discussed in Chapter 5.2.2.2-2.  

Firstly, a further explanation on Figure 5.19 (B emitter) is presented by 
combining with the analysis of Figure 5.22. As discussed above, the changes in 
J0p+ with thermal processes are attributed mainly to the changes in chemical 
passivation (Sn). For the Al2O3/SiNx stacks, the increased J0p+ from PAFA to 
post-firing is due to a decreased chemical passivation level with Sn increasing by 
a factor of 1.2. For the SiO2/Al2O3/SiNx stacks, the decreased J0p+ from PAFA to 
post-firing is due to an improved chemical passivation with Sn decreasing by a 
factor of 3.75. Further, for the Al2O3/SiNx stacks, the strong field-effect 
passivation (Qeff≈-2.4·1012 cm-2) dominates the surface passivation mechanism 
and also relaxes the requirements on chemical passivation (Figure 5.22-b). 
However, J0p+ is not yet good enough due to a relatively poor chemical 
passivation after PAFA, which further worsens after firing. By comparison, for 
the SiO2/Al2O3/SiNx stacks, the excellent post-fired J0p+ is due to an excellent 
chemical passivation (Sn≈3650 cm·s-1) combined with a relatively weak field-
effect passivation (Qeff≈-7.0·1011 cm-2). Thus, an important conclusion in Figure 
5.22-b is that, although a good level of field-effect (Qeff) or chemical passivation 
(Sn) can strongly relax the requirements on the other one, a good emitter 
passivation still depends on their good combination.  

It is noteworthy that, a SiNx capping layer can only suppress the deterioration 
degree in chemical passivation of Al2O3/p+-Si interface, but it cannot prevent its 
deterioration. As shown in Figure 5.22-a, the post-fired Sn decreases by a factor 
of 1.46 (from Al2O3 to Al2O3/SiNx); while Sn still increases by a factor of 1.2 from 
after-PAFA Al2O3 to post-fired Al2O3/SiNx. Hence, a SiNx capping layer still 
cannot effectively improve chemical passivation on its own, but it maintains the 
passivation mechanism of Al2O3. By comparison, the SiO2 interlayer 
significantly improves chemical passivation, as well as changes the passivation 
mechanism. Overall, the SiO2/Al2O3/SiNx stacks obtained the best post-fired 
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J0p+ due to an excellent combination of chemical and field-effect passivation.  
 

 
 

 

Figure 5.22. The PC1D-extracted Sn as a function of the thermal processes and passivation 
stacks (a) and PC1D simulated J0p+ contour plot as a function of Qeff and Sn (b). 1) B-emitter 
parameters and dfilm of each layer are shown in Figure 5.19; 2) The Qeff range of -1.0·1013 to 
4.0·1012 cm-2 cannot invert the p+-Si surface in this study (both under dark and 1-sun illumination, 
see Fig. 7 in Pulication IV); 3) Typical combinations (a, b, c, d, e) of parameters of field-effect and 
chemical passivation to reach a J0p+=36 fA·cm-2 are marked (see Chapter 5.2.2.2-2). Reprinted 
with permission from Haibing Huang, Chiara Modanese, Shenghua Sun, Guillaume von Gastrow, 
Jianbo Wang, Toni P. Pasanen, Shuo Li, Lichun Wang, Yameng Bao, Zhen Zhu, Sami Sneck, 
Hele Savin, Effective passivation of p+ and n+ emitters using SiO2/Al2O3/SiNx stacks: Surface 
passivation mechanisms and application to industrial p-PERT bifacial Si solar cells. Solar Energy 
Materials and Solar Cells, 356–364 (2018). Copyright 2018, with permission from Elsevier.  

Likewise, a further explanation on Figure 5.20 (P emitter) is given by 
combining with the analysis of Figure 5.23. For the SiO2/Al2O3/SiNx stacks 
(after firing), due to a weak field-effect passivation (Qeff≈-2.1·1011 cm-2), the 
excellent chemical passivation (Sp≈1000 cm·s-1) plays a much more important 
role in the low J0n+. The emitter passivation mechanism of SiO2/SiNx (Qeff≈2·1011 
cm-2, Sp≈2220 cm·s-1) is similar to SiO2/Al2O3/SiNx. The Al2O3 interlayer 
between SiO2 and SiNx can improve the chemical passivation. On the other hand, 
for the Al2O3/(SiNx) stacks, the Qeff of -2.4·1012 cm-2 still cannot invert the n+-Si 
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surface (see Fig. 7 in Pulication IV) and seriously depletes the n+-Si surface, 
resulting in a poor J0n+. Regarding the improvement in chemical passivation 
from PAFA to post-firing, the Al2O3/SiNx, SiO2/Al2O3, SiO2/SiNx and 
SiO2/Al2O3/SiNx stacks decrease Sp by a factor of 2.3, 2.5, 7.8, 23.4, respectively. 
Here, a difference from the B emitter is that a SiNx capping layer can effectively 
improve chemical passivation of Al2O3/n+-Si interface. Furthermore, the post-
fired Sp decreases by a factor of 4.2 (from Al2O3 to Al2O3/SiNx) and 9.4 (from 
SiO2/Al2O3 to SiO2/Al2O3/SiNx). Overall, the SiO2/Al2O3/SiNx stacks obtained 
the best post-fired J0n+.  

 

 
 

 

Figure 5.23. The PC1D-extracted Sp as a function of the thermal processes and passivation 
stacks (a) and PC1D simulated J0n+ contour plot as a function of Qeff and Sp (b). 1) P-emitter 
parameters and dfilm of each layer are shown in Figure 5.20; 2) The Qeff range of -1.0·1013 to 
9.0·1012 cm-2 cannot invert the n+-Si surface in this study (both under dark and 1-sun illumination, 
see Fig. 7 in Pulication IV). Reprinted with permission from Haibing Huang, Chiara Modanese, 
Shenghua Sun, Guillaume von Gastrow, Jianbo Wang, Toni P. Pasanen, Shuo Li, Lichun Wang, 
Yameng Bao, Zhen Zhu, Sami Sneck, Hele Savin, Effective passivation of p+ and n+ emitters 
using SiO2/Al2O3/SiNx stacks: Surface passivation mechanisms and application to industrial p-
PERT bifacial Si solar cells. Solar Energy Materials and Solar Cells, 356–364 (2018). Copyright 
2018, with permission from Elsevier.  
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As mentioned in Chapter 3.1.2.4 , the improved firing stability of Al2O3 (i.e. 
the improved chemical passivation of Si interface by a thin SiO2 interlayer, or 
the suppression of deterioration degree in chemical passivation of Al2O3/p+-Si 
interface and the improved chemical passivation of Al2O3/n+-Si interface by a 
SiNx capping layer) is linked to H passivation provided by (SiO2)/Al2O3/(SiNx) 
[11,93,103,104,119–122]. This advantage can be further exploited by utilizing 
the back-end thermal processes (PECVD SiNx, firing) of industrial Si solar cells. 
Considering the Qeff-tuning effect by the thin SiO2 interlayer, SiO2/Al2O3/SiNx 
has an excellent chemical passivation combined with a weak field-effect 
passivation, thus an excellent emitter (p+ and n+) passivation with an 
outstanding firing stability.  

2. Extended discussion on industrial emitter passivation  
According to Figures 5.22-b and 5.23-b, the same J0e can be obtained from 
combinations of different levels of field-effect and chemical passivation, which 
is linked to different surface passivation mechanisms. Therefore, it is feasible 
for researchers to actively find or synthesize suitable and cost-efficient materials 
using cost-efficient techniques, which have different and good levels of electric 
properties (Qf, Dit) to satisfy requirements of surface passivation of solar cells.  

For industrial surface passivation on only n+ or p+ emitter, the preferred 
choice is to adopt suitable material with an excellent field-effect passivation, e.g. 
Al2O3 for p+ emitter. According to the results in Publication IV (Fig.s 5 and 10, 
Sec. 3.2.2), although Al2O3/(SiNx) could well passivate p+-emitter after PAFA 
over a broad emitter doping range, its chemical passivation is not yet good and 
could further worsen after firing despite being partly improved by SiNx capping. 
Hence, Al2O3 passivation on p-Si cannot exploit its best potential in screen-
printed industrial Si solar cells unless chemical passivation can be sufficiently 
improved. A potential solution is to implement hydrogen passivation treatment 
(hydrogenation) [254–257]. Hydrogenation can passivate Si interface (dangling 
bonds or other defects) and Si bulk (crystallographic defects, B-O defects or 
contamination) based on different mechanisms, and can be applied to both 
mono and multi c-Si (n- or p-type) solar cells. Regarding application into 
Al2O3/(SiNx) passivation on p-Si, hydrogenation treatment can be implemented 
after completion of cell fabrication to improve chemical passivation of Si 
interface and to still maintain its strong field-effect passivation, thus best 
exploiting the potential of Al2O3 passivation. Moreover, the H presented in 
Al2O3/SiNx can also be utilized as H source. It is feasible to develop cost-effective 
and commercial tools to realize such hydrogenation process.  

For solar cells with p+ emitter and n+ BSF both placed at cell rear (e.g. IBC), 
dielectrics with an excellent chemical passivation and a weak field-effect 
passivation (Qeff-range: -1·1011 to 1·1011 cm-2) are the preferred choice. As a good 
candidate, SiO2/Al2O3/SiNx can well passivate both p+ and n+ emitters over a 
broad emitter doping range, as presented in Fig.s 5 and 10 in Publication IV.  
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5.2.3 Cell Performance of the Industrial p-PERT Bifacial Cells 

As discussed in Publication III (Sec. 3.2), with optimizations on the B-junction 
profile (Bsurf >~1·1019 cm-3) and the specific Ag/Al paste, low enough ρc between 
B-implanted junction and screen-printed Ag/Al paste was achieved, which can 
meet the requirements for good metal/p+-Si ohmic contact. The two junction 
passivation schemes were well integrated into the fully ion-implantation 
roadmap to form the process flows of the industrial p-PERT bifacial cell, as 
presented in Figures 4.4 and 4.5. Chapter 5.2.3 discusses the cell performance.  

5.2.3.1 Cell performance of p-PERT bifacial cells with B-implanted junction 
passivated with in-situ grown thick SiO2/thin SiNx  
Chapter 5.2.1 studies the B-implanted junction passivated with in-situ grown 
SiO2. When this scheme is applied into solar cells, a SiNx capping layer is 
necessary to improve the firing stability of the SiO2 underneath, thus to obtain 
a good final (after firing) junction passivation quality. The thickness of rear SiNx 
should be suitable for an easy penetration by the Ag/Al paste to achieve a good-
quality ohmic contact on the p+-BSF. Table 5.5 shows the front side performance 
(under front illumination only) of the p-PERT bifacial cells using this scheme. 
Table 5.5 and Table 5.3 show that the measured Voc correlates well with the 
implied Voc and J0e. Further, with the same Bsurf, a deep p+-BSF obtains good Voc 
with good surface passivation (#1) but poor Voc otherwise (#2). Cell 
performance is determined by both p+-BSF quality and metal/p+-Si ohmic 
contact.  

Combining the lifetime and cell results, for screen-printed contacts, the 
optimal B-junction parameters are: theoretical Bsurf in the range 1·1019-5·1019 cm-

3 and experimental Bsurf of 1.2·1019 cm-3 in combination with appropriately deep 
Xj (1.9-3.0 μm) and good surface passivation (150-235 nm SiO2, Sn of 600 cm·s-

1 with 235 nm SiO2 at Bsurf of 1.2·1019 cm-3), which can meet the requirements of 
both J0e and ρc, as demonstrated by experimental J0e of 8-40 fA·cm-2 (Table 5.3), 
simulated J0e <~45 fA·cm-2 (Figure 5.16). The corresponding process conditions 
are: E of 5-10 keV, D of 3.8·1015 cm-2 and PIA of A2. By using such cell and 
process parameters, promising ηcell of 20.3-20.6% and Voc of 653-658 mV were 
achieved. Voc is still lower than expectation considering the low J0e obtained. 
This is attributed to the unexpected τb degradation due to insufficient cure of 
the B-implant induced defects. Based on PC1D simulations, such level of τb 
degradation can result in 10-15 mV of Voc-loss on the current p-PERT cell. Better 
cell performance can be expected through further optimizations on the 
parameters of B implantation and PIA.  

5.2.3.2 Cell performance of p-PERT cells using SiO2/Al2O3/SiNx passivated 
implanted-junctions  
Table 5.5 shows the front-side performance of the p-PERT bifacial cells using 
the SiO2/Al2O3/SiNx passivated junctions. The cell results are well consistent 
with the J0e results. The better front-side cell performance of group #C2 (#C5) 
compared to #C1 (#C4) confirmed the better final passivation on p+ emitter with 
SiO2/Al2O3/SiNx than with Al2O3/SiNx. Similarly, the slightly better front-side 
cell performance of #C3 (#C6) compared to #C2 (#C5) confirmed the slightly 
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better final passivation on n+ emitter with SiO2/Al2O3/SiNx than with SiO2/SiNx.  

5.2.3.3 Bifacial cell-performance of p-PERT bifacial cells  
Table 5.4 presents the comparison of the p-PERT bifacial cell performance with 
different rear surface structures (planar or textured) tested with the Berger and 
Halm I-V testers. Overall, these cells demonstrated ηfront≈20.0-20.5% and 
ηrear≈16.9-17.5% for rear planar cells and ηrear≈19.0-19.8% for rear textured cells. 
The BF of the rear planar and rear textured cells are ~0.85 and ~0.98, 
respectively. As mentioned in Chapter 4.2.3.2, the effective performance of 
bifacial-cell tested on the Halm tester can be gained to a considerable extent due 
to receiving the reflected light on the cell rear by the white transporting belts. 
As shown in Table 5.4, these p-PERT bifialc cells with ηfront of 20.0-20.6% and 
ηrear of 16.5-17.5% have demonstrated good bifacial performance tested with the 
Halm tester, with ηeff of 21.95% (rear planar) and 22.06% (rear textured) as well 
as the global gains on Voc, Jsc and FF. Based on Eq. 4.7, the reflectivity of the 
white transporting belts of the Halm tester is ~10%, which is close to the 
reflectivity of the grass ground. Rear textured bifacial cells are more cost-
efficient in actual environments.  

5.2.3.3 Discussion on the industrial potential of p-PERT cells using fully-
implanted roadmap and the two junction passivation schemes 
Based on the author’s study, the substrate conductivity type is not critical for 
PERT since good cell performance can be achieved on both p- and n-substrates 
with a long enough LD, bulk.  

Regarding B-implanted junction passivated with thick SiO2/thin SiNx, the 
thick in-situ grown SiO2 requires relatively high thermal anneal budget (T, t). 
This decreases to some extent the throughput, thus increasing cell fabrication 
cost. To address this issue, there are two alternatives: 1) Post B implantation 
anneal without an in-situ oxidation (to avoid single-sided SiO2 removal), 
followed by post P implantation anneal with an in-situ oxidation to passivate 
both n+- and p+-junction. The challenge is to obtain good passivation quality by 
SiO2(thin)/SiNx stacks. 2) Co-anneal (not discussed in this thesis) is another 
option. The challenge is that the B-implanted junction requires high thermal 
budget which redistributes P dopants too much, resulting in too deep n+-
junction (thus high SRV dominated by Auger recombination) and low Nsurf (poor 
metal/n+-Si ohmic contact). Thereby, relatively low quality of n+-junction and 
metal/n+-Si ohmic contact will limit the cell performance. Further research is 
needed to find cost-effective solutions for the above two alternatives.  

The cell results also confirmed the effective emitter (p+ and n+) passivation 
effect using SiO2/Al2O3/SiNx. It is noteworthy that, the cells with bifacial 
SiO2/Al2O3/SiNx passivation on both p+ and n+ emitter (#C3) achieved the best 
performance (Voc=657 mV, ηfront=20.5%, ηrear=19.8%, BF≈0.98) among #C1, #C2 
and #C3. Due to the unique feature of bifacial Al2O3 deposition on Si substrates 
using ALD as well as combining with fully ion-implanted doping, the cell 
process is clearly simplified. Better cell performance can be expected with 
further optimization of the front SiO2/Al2O3/SiNx ARC layer and the specific Ag 
and Ag/Al pastes.  



Results and Discussion 

72 
 

In summary, the experimental results in this work demonstrate that p-PERT 
cell using fully-implanted roadmap combined with the two junction passivation 
schemes is promising candidate for PV industry, despite that there are still some 
difficulties to address. Further research is needed to find cost-effective solutions 
for PERT cells relying on a fully ion-implanted roadmap.  
 

Table 5.4. Comparison of the p-PERT bifacial cell performance with different rear surface 
structures (planar or textured) tested at different I-V testers. Berger (front) and Berger (rear) are 
front and rear illumination only at the Berger test, while Halm is front illumination only at the Halm 
tester. Cell performance are the best data obtained in the pilot line. Reproduced with permission 
from Haibing Huang, Lichun Wang, Lisa Mandrell, Chiara Modanese, Shenghua Sun, Jianbo 
Wang, Aihua Wang, Jianhua Zhao, Babak Adibi, Hele Savin, Boron Implanted Junction with In-
situ Oxide Passivation and Application to p-PERT Bifacial Silicon Solar Cell, Physica Status Solidi 
A: Applications and Materials Science, 2019. Copyright 2019, with permission Wiley-VCH Verlag 
GmbH & Co. KGaA.  

I-V tester Rear side planar Rear side texture 
Voc Jsc FF ηcell Voc Jsc FF ηcell 

Berger (front) 658 39.49 79.56 20.57 655 38.80 79.45 20.2 
Berger (rear) 638 33.67 78.44 16.86 637 34.95 78.55 17.5 

Halm 662 41.01 80.92 21.95 659 41.38 80.90 22.1 
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6. Future Roadmap for Industrial p-type 
Silicon Solar Cells  

The data of this thesis and the corresponding publications were based on the 
research results between 2014 and 2017. Meanwhile, the progress of PV 
industry synchronously has grown fast in the past 3 years from 2017 to 2019. By 
the time the author finished this thesis (Sep. 2019), the research results of 
industrial PERC cell in the production lines (for most of the Chinese solar cell 
companies) have also achieved a new altitude, as summarized in the next 
paragraph.  

During the last 3-4 years, PERC cells have replaced full Al-BSF cells in most 
of the Chinese production lines, thus continuously increasing cost-efficiency of 
industrial PERC. At present, industrial PERC cells have 22%-22.5% of ηcell and 
675-685 mV of Voc. For current industrial PERC cells, since recombination at 
cell rear is not the bottleneck to limit cell performance since 2015-2016, the 
most singnificant gain on ηcell is due to the decrease of recombination at cell 
front, which is attributed to the application of laser doped selective emitter 
(LDSE) PSG on front n+ emitter together with the continuous development of 
front metallization engineering. It is worth stressing that, the busbur number of 
PERC in mass production is still 5. By using 9 or 11 busbars, the industrial ηcell 
can be increased to 22.4-22.9%. Another important change is to use low b (0.5-
1 Ω·cm) p-Si wafers to take place of the traditional p-Si wafers with b of ~2 to 3 
Ω·cm by maintaining good level of τb, which further decreases the Rs-total of PERC 
cell. In addition, the continuous improvement of rear surface passivation, laser 
ablation and rear side metallization (contact pattern, Al paste and firing) has 
also contributed to the rapid progress of industrial PERC.  

On the other hand, the progress of p-PERT has not achieved expectation of 
industry. The reason is rather complex and comprehensive. Firstly, the rapid 
spread of industrial PERC enlarges the gap of cost-efficiency between PERC and 
p-PERT. Secondly, industrial p-PERT cell requires cost-efficient boron doping 
techniques. Up to now, the three most potential B-doping techniques (BBr3 
diffusion, B implantation and APCVD BSG) still does not meet the industrial 
requirements, especially comparing with industrial PERC. Furthermore, the 
integration of B and P doping and their passivation as well as edge isolations 
further increase fabrication cost of p-PERT. Thirdly, p-PERT does not exceed 
industrial PERC in terms of cell efficiency. From an essential perspective, 
industrial PERC and p-PERT cells are quite similar in cell structure. Industrial 
PERC can also be regarded as PERL because the screen-printed Al serves as p+-
LBSF; while p-PERT has a homogenous p+-BSF. In theory, the major function 
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of p+-BSF for p-type Si solar cells is to suppress the recombination of monirity 
carriers on cell rear. This means that, rear surface passivation level of dielectrics 
should be considered when p+-BSF is applied. At present, the SRV of rear 
dielectric (Al2O3/SiNx) areas of industrial PERC is < 10 cm·s-1. Under this 
circumstance, p+-BSF on non-contact areas is not an urgent need. In addition, 
boron BSF with Bsurf>1·1018 cm-3 brings about unavoidable Auger recombination 
even if an extremely excellent surface passivation can be implemented for 
decreasing SRH recombination. Futhermore, based on the author’s 
unpublished research results, high temperature thermal treatments for boron 
dopants redistribution (normally >950°C) unavoidably results in a degradation 
on τb (τb-loss: 30-100 μs, corresponding bulk i-Voc loss: 5-20 mV), depending on 
the tolerance of the industrial p-Si wafers used on such high temperature 
thermal treatments. Based on PC1D simulations (not shown here), such τb 
degradation can bring about 3-10 mV of cell Voc-loss.  

Despite of the above factors, p-PERT bifacial cells have still demonstrated 
superior effective bifacial cell performance, showing good potential in the 
application environment with various reflectivity. Future work is needed to 
develop high-quality p-type c-Si wafers that are capable of enduring high 
temperature processes without bulk lifetime degradation, which can make p-
PERT bifacial cells more cost-efficient in the actual application environment.  

Figure 6.1 analyzes the recombination loss mechanisms of current industrial 
PERC cell, which is simulated using PC2D with the basic input parameters given 
in the note. It is seen that, after implementing LDSE PSG on front n+ emitter, 
the recombination losses at cell front (including contact and non-contact areas) 
and in Si bulk account for an identical propotion. Both of them still dominate 
the cell recombination. Therefore, continuous decrease of recombination of cell 
front and Si bulk are still the most effective approaches for increasing cell 
efficiency. In addition, there is also improvement space for further improving 
light trapping and decreasing recombination at rear local contact areas, the 
latter of which can be realized via forming the PERL [3] or TOPCon structure 
[242,243]. As a summary of this thesis, an updated future roadmap for 
industrial p-type Si solar cells are presented in Figure 6.2 and Table 6.1, which 
are based on PC2D/PC1D simulations. It is believed that cell efficiency of p-type 
Si solar cells can go towards 24% in the future with continuous development on 
new technologies in terms of Si materials, cell processes (tools) and potential 
new materials applied into solar cells.  
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Figure 6.1. The general analysis of the recombination loss mechanisms of current (2019) 
industrial LDSE PSG PERC cell with Voc ≈ 680 mV and ηcell ≈ 22.3%. The basic PC2D simulation 
parameters are: J01, front pass ≈ 4.5·10-14 A·cm-2, J01, front cont ≈ 2.5·10-13 A·cm-2, J01, rear pass ≈ 5·10-15 
A·cm-2, J01, rear cont ≈ 6.7·10-13 A·cm-2, b = 1 Ω·cm, τb = 250 μs.  
 

 
Figure 6.2. The future roadmap for industrial p-type c-Si solar cells towards 24%.  
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Table 6.1. The future roadmap for industrial p-type c-Si solar cells towards 24%.  

No. Research topic Key factor New technologies 
1 Current NA NA 

2 Front metallization 
engineering 

To decrease J01_front cont to ~1·10-

13 A·cm-2 or lower 
Ag paste, metallization pattern (multi-busbar, fine-

line metal finger), LIP Ni/Cu/Ag 

3 Front emitter and 
passivaton 

To decrease J01_front n+ emitter to 
~1·10-14 A·cm-2 or lower 

Advanced n+-emitter technologies (e.g. selective 
emitter), Nsurf decreases to < 5·1019 cm-3 combined 

with LIP Ni/Cu/Ag 
4 Si bulk lifetime To continuously increase τb Advanced Si ingot techniques 

5 

To decrease 
recombination at 

LBSF (rear 
contact) areas 

 To decrease J01_rear cont to ~1·10-

13 A·cm-2 or lower 

In the short run: laser ablation and Al paste, rear 
local contact pattern 

In the long run: laser doping boron p++-LBSF 
combined with PVD Al, or carrier-selective p-

contacts [242,243]   

6 Rear surface 
passivation 

To continuously decrease J01_rear 

pass to lower levels 
Advanced surface passivation technologies 

(materials) 

7 Light trapping Front and rear optical structures  New technoligies to form advanced light traping 
structures 
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7. Conclusion  

7.1 Summary of Results  

This thesis has studied two types of industrially potential p-type c-Si solar cells. 
Publication II-A, II-B and II-C focus on the industrial PERC cell using Al2O3 rear 
surface passivation. The key processes of O3-based ALD Al2O3 passivation and 
screen-printed Al LBSF are discussed. It is found that the O3 parameters 
(concentration, dosing time and O2 flow) in the ALD process clearly impact the 
Al2O3 passivation quality. The Al2O3-relevant process and the post-Al2O3 back-
end cell processes should be well integrated into the cell process in order to 
achieve a good post-fired Al2O3 passivation. The screen-printed Al-Si voids 
should be prevented in order to obtain void-free Al-Si eutectic and uniform and 
deep LBSF, which can be achieved by co-optimization and integration of the 
dimensions of rear local contact patterning, the Al paste as well as the screen-
printing and firing processes. Based on these results, a cost-efficient industrial 
roadmap for PERC is presented, using which the industrial PERC cells have 
demonstrated 20.5-20.8% of cell efficiency and 660-666 mV of open circuit 
voltage.  

The loss mechanisms of cell efficiency and recombination of the industrial 
PERC cell are analysed using PC1D/PC2D simulations combined with some key 
characterizations. It is shown that the recombination at the cell rear (including 
dielectric and contact areas) is not the bottleneck limiting cell efficiency. The 
bottleneck is the relatively high recombination at the cell front. Other important 
loss mechanisms are found to be: 1) recombination in the Si bulk, 2) not good 
enough light trapping of the rear Si surface, 3) recombination at the rear local 
contact areas and 4) series resistance from the cell front. Effective solutions are 
put forward to decrease these losses and thus to increase cell efficiency.  

Publication I, III and IV study boron implanted junction, junction passivation 
and metal/p+-Si ohmic contact, as well as their application into the industrial p-
PERT cells. Publication I and III focus on the study of boron implanted emitters 
passivated with in-situ grown SiO2. It is shown that junction profile and surface 
passivation are crucial to boron emitter quality, which can be influenced by the 
implantation and in-situ oxidation anneal parameters. The surface 
recombination velocity mainly depends on both surface boron concentration 
and surface passivation processing conditions. It is shown that better surface 
passivation can tune and widen the optimal J0e design window to obtain the 
same low level of J0e by allowing higher surface boron concentration and deeper 
junction, thus tuning and widening the design and process window of solar cells. 
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Based on the above, good-quality boron emitters, as well as optimal junction 
parameters and corresponding implantation and anneal parameters, are 
obtained, which are suitable to industrial Si solar cells.  
 Publication IV presents an effective emitter (p+ and n+) passivation scheme 
using SiO2/Al2O3/SiNx stacks. Junction passivation mechanisms of different 
dielectric stacks are studied by characterizing the changes in both field-effect 
and chemical passivation in typical thermal processes in cell fabrications. The 
publication also studies the comprehensive effect of field-effect and chemical 
passivation on the overall emitter passivation. It is shown that SiO2/Al2O3/SiNx 
can well passivate both p+ and n+ emitter over a broad emitter-doping range, 
demonstrating good post-fired J0e, which is attributed to an excellent chemical 
passivation combined with a weak negative-charge field-effect passivation. In 
the stacks, the SiO2 interlayer can effectively improve chemical passivation of Si 
interface. The SiNx capping layer cannot prevent the deterioration in chemical 
passivation of Al2O3/p+-Si interface that occurs in the thermal processes in cell 
fabrication, but only suppresses its deterioration degree. On the contrary, the 
SiNx capping layer is shown to improve chemical passivation of Al2O3/n+-Si 
interface. As compared to SiO2/Al2O3/SiNx, Al2O3/SiNx demonstrates a worse 
post-fired overall passivation quality on p+-emitter, which is due to a strong 
negative-charge field-effect passivation combined with a poor chemical 
passivation. To best exploit the advantage of Al2O3 passivation on p-Si, a 
hydrogenation treatment after completion of cell fabrication is a potential 
solution to improve the poor chemical passivation as well as to maintain its 
strong field-effect passivation.  

Based on these results, Pulication III and IV present a roadmap for p-PERT 
using the two junction passivation schemes combined with fully ion-implanted 
(boron and phosphorus) technology. The fabricated industrial p-PERT bifacial 
cells demonstrate front side efficiency of 20.5-20.6% (Voc of 650-658 mV), rear 
side efficiency of 19-19.8% (bifaciality factor BF≈0.98) for rear textured cells 
and 17-17.5% (BF≈0.85) for rear planar cells. In addition, the Voc of the cells 
with implanted boron-junction is shown to be limited by the bulk lifetime 
degradation due to insufficient cure of the implant induced defects. Better cell 
performance can be expected through further optimization on the boron 
implant and anneal parameters. Overall, the results in Publication I, III and IV 
show that the p-PERT roadmap using the fully ion-implanted technology 
combined with the presented two junction passivation schemes is promising for 
the PV industry. This roadmap is also suitable for n-type Si substrates (n-PERT).  

7.2 Future Work and Outlook 

The future of p-type c-Si solar cells towards higher cost-efficiency is promising.  
On the other hand, although the progress of industrial p-PERT has not yet 
achieved anticipated expectation, p-PERT bifacial cells have still demonstrated 
superior effective bifacial cell performance, showing good potential in the actual 
application environment with various reflectivity. Future work is needed to 
develop high-quality p-type c-Si wafers that are capable of enduring high 
temperature processes without bulk lifetime degradation, which can make p-



Conclusion 

81 
 

PERT bifacial cells more cost-efficient. On the other hand, for the current 
industrial PERC cell using LDSE PSG selective n+-emitter, the recombination 
losses from cell front and Si bulk account for an identical proportion, and both 
of them dominate the recombination of the cell. The recombination at LBSF 
(rear local contact) areas cannot be ignored either. A future roadmap for 
industrial p-type c-Si solar cells is presented. Continuous decrease of 
recombination from cell front and Si bulk are the most primary concerns. 
Improvement on light trapping and further decrease of recombination at rear 
local contact areas are also important, the latter of which can be realized via 
forming the PERL or TOPCon structure. It is believed that the cell efficiency of 
industrial p-type c-Si solar cells can go towards and beyond 24% in the future 
with continuous development on new technologies in terms of Si materials, 
solar cell processes (tools) and potential new materials applied to Si solar cells.  
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