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The interdigitated back contact Si heterojunction (IBC-SHJ) solar cell has 

achieved record efficiency of 26.7% for Si based devices, because of excellent surface 

passivation provided by thin a-Si:H layers deposited at low temperature as the 

heterojunction partner and elimination of shading loss on the front surface of IBC 

structure, since both base and emitter contacts are at the rear surface. 

The back contact patterning approach was evaluated to enhance the IBC-SHJ 

solar cell performance and improve its stability in this work. A single i. a-Si:H layer 

passivation at the gap between contacts and a potential contamination arising from 

presence of photoresist in PECVD a-Si:H growth lead to low and unstable cell 

efficiency, which was only 15% at the beginning and degraded to 14.3% within a day. 

Therefore, boosting the cell performance and stability with a robust back contact 

patterning method for a clean deposition process and sufficient gap passivation is the 

main goal of this work. The highest cell performance of 20.2% with a perfect stability 

over time was achieved with improved patterning approach.  

To further improve the IBC-SHJ solar cell efficiency, front surface field (FSF) 

using more conductive doped layer for additional field-effect passivation and its effect 

on device series resistance was investigated. To evaluate the effect of FSF, four 

different structures of front surface stack layers were studied, including 1) i. a-Si:H / 

ARC (control sample); 2) n+ FSF / i. a-Si:H / ARC; 3) i. a-Si:H / n. a-Si:H / ARC; and 

4) n. a-Si:H / ARC. The FSF can be provided by either n+ phosphorous diffusion or n. 

a-Si:H via PECVD. Slightly better surface passivation was observed using n+ FSF. 

ABSTRACT 



 xxi 

However, no improvement on device performance by FSF was found among these 

four different structures.  

Since both the base and emitter contacts are at the back surface of IBC-SHJ 

solar cell, the optical and electrical properties can be optimized separately, and 

therefore high passivation level and minimum absorption loss are the two goals for the 

front surface of IBC-SHJ solar cell. Based on this idea, the i. a-Si:H with high 

absorption coefficient and bandgap of ~1.7 eV mostly used for the front surface 

passivation can be replaced by alternative passivation layers with higher bandgap and 

reduced thickness to minimize the absorption loss and enhance its short circuit current 

(JSC). To realize this, we propose a new c-Si surface passivation scheme using H2S 

reaction. X-ray photoelectron spectroscopy (XPS) identified the bonding state S-Si-S 

contributing to the passivation of c-Si surface defects. Monolayer thickness of sulfur 

forming on c-Si surface is capable of providing the same passivation level as ~8 nm 

thick i. a-Si:H layer often used in IBC-SHJ solar cell. Compared to i. a-Si:H, SiS2 

passivation layer possessing higher bandgap and reduced thickness shows a great 

potential for improving the JSC of IBC-SHJ solar cell especially in shorter wavelength 

(< 700 nm). Although the surface passivation by H2S reaction is unstable in air due to 

hydrolysis and oxidation of SiS2, the degradation of τeff can be eliminated by a capping 

layer of a-SiNX:H deposited right after H2S reaction, which also acts as an anti-

reflection layer for IBC-SHJ solar cell. 

It is found from XPS analysis that the sulfur not only terminated c-Si surface 

dangling bonds, but also can diffuse into Si bulk during H2S reaction. This opened up 

another interesting concept of using H2S reaction to passivate mc-Si wafer bulk 

defects. This work shows that the reduction of both trap and recombination states can 

be achieved by H2S reaction of commercial mc-Si wafers, which is demonstrated from 
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the injection level dependent τeff characterization. Further wet chemistry process 

confirmed both the surface and bulk of mc-Si wafer can be passivated in H2S reaction, 

and the unstable H2S-passivated surface can be removed and re-passivated by other 

materials without affecting the passivated bulk quality. The preservation of H2S 

passivated bulk quality in multiple wet chemistry processes will allow fabrication of 

mc-Si / a-Si:H heterojunction solar cells.  



 xxiii 

 
PV photovoltaic(s) 
c-Si crystalline Si 
mono c-Si monocrystalline Si 
mc-Si multicrystalline Si 
HJ heterojunction 
IBC-SHJ interdigitated back contact Si heterojunction 
HIT heterojunction with intrinsic thin-layer 
Fz wafer Float zone wafer 
Cz wafer Czochralski wafer 
PECVD plasma-enhanced chemical vapor deposition 
ARC anti-reflection coating 
FSF front surface field 
BSF back surface field 
LFC laser fired contact 
i. a-Si:H intrinsic hydrogenated amorphous silicon 
a-SiNX:H hydrogenated amorphous silicon nitride 
a-SiC:H hydrogenated amorphous silicon carbide 
SiO2  silicon dioxide 
SiS2 silicon disulfide 
Al2O3 aluminum oxide 
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H2S hydrogen sulfide 
HF hydrofluoric acid 
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KOH potassium hydroxide 
NaOH sodium hydroxide 
Qf fixed charge density 
FWHM full width at half maximum  
ΔGrxn Gibbs free energy of reaction 
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INTRODUCTION TO THE DISSERTATION 

1.1 Research Motivation 

Solar energy shows great technical and theoretical potential among all other 

renewable energy sources and has becoming one of the promising renewable energy 

sources and been put in the place to replace conventional fuels [1]. PV technology 

converting sunlight directly into electricity was first developed in 1950s for space 

usage. Soon after that people found its potential in terrestrial application. PV can work 

as both off-grid power supply systems and grid-connected electricity generation 

system. However, high production cost is always a concern for solar energy. Solar 

energy is still not competitive without subsidiaries which hinder a true market 

breakthrough worldwide. To reduce the cost, enhancing the cell/module performance, 

simplifying the fabrication process, lower the material cost and consumption, or 

reducing the processing temperature are all possible efforts can be made to improve 

the solar market.  

In this dissertation, the solar energy research focuses on c-Si wafer based solar 

cells. c-Si wafer based PV modules are still the mainstream of PV technology 

attributed to the abundance in material supply and high cell performance. The 

efficiency of 41.6% was achieved on a multi-junction concentrator solar cell [2]. In the 

c-Si wafer based solar cell, the highest efficiency cell structure is IBC-SHJ with record 

efficiency 26.7% reported by Kenaka in 2017 [3]. IBC-SHJ is also the main structure 

focused on in this dissertation, and two parts of work on IBC-SHJ have been discussed. 

Chapter 1 
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The first part is the modification of back surface patterning approach, to enhance the 

cell efficiency and improve the stability of cell performance overtime attributed to a 

more sufficient gap passivation and clean deposition without photoresist outgassing in 

PECVD chamber. The second part of IBC-SHJ work is the evaluation of front stack 

layers to form a FSF for better front surface passivation and lower device resistance. 

Another main project focused on is sulfurization of the Si surface in H2S reaction for 

surface passivation on both mono c-Si wafers and bulk passivation on mc-Si wafers. 

Among all other state-of-the-art surface passivation technologies and materials, H2S 

reaction provides a new scheme with minimized absorption loss due to its high 

bandgap and moderate reaction temperature, which is more compatible with down 

stream solar cell fabrication such as contact formation. During the mono c-Si surface 

passivation in H2S reaction, it has been observed that sulfur not only terminated the 

surface dangling bonds, but also diffused into c-Si, which lead to the possibility of 

using H2S reaction to passivate the bulk defects in mc-Si. Mc-Si solar cell has higher 

and higher production over years in solar industry due to its low material cost 

compared to mono c-Si solar cell. However, relatively lower efficiency compared to 

mono c-Si due to its poor bulk quality is always the main challenge in the production 

line. Most of traditional bulk passivation methods need a high processing temperature 

such as gettering at 950ºC or higher [4], [5], or hydrogen drive-in by a-SiNX:H at 

about 700ºC [6]. It is expected that improving the bulk quality by minimizing defects 

in mc-Si wafer at a moderate temperature and simpler processing will largely enhance 

its device performance and therefore reduce the cost.   
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1.2 Outline of Dissertation 

The dissertation is presented in eight chapters.  

Chapter 2 gave a brief introduction of solar energy and c-Si solar cell, 

primarily focusing on heterojunction and back contact structures. Defect passivation 

including surface defect on mono c-Si wafer and bulk defect in mc-Si wafer were also 

introduced in this chapter. For the passivation of surface defect on mono c-Si wafer, 

multiple state-of-the-art passivation materials and technologies have been described, 

including SiO2, a-Si:H, Al2O3, and a-SiNX:H. Different types of bulk defect in mc-Si 

including metal impurites, dislocations, and grain boundaries and each of their 

passivation approaches needed were described.  

Chapter 3 introduced the fabrication processes and the working mechanisms of 

characterization tools being used in this dissertation. The fabrication processes 

includes wafer cleaning, wet chemical etching on wafer surfaces, PECVD for the 

formation of intrinsic / doped a-Si:H, a-SiNX:H, and a-SiC:H, photolithography for 

patterning on IBC-SHJ solar cell, sulfurization for c-Si surface and bulk defect 

passivation, and electron beam metallization for contact formation on heterojunction 

solar cell. The characterization part includes optical, electrical, and material 

characterization.  

Chapter 4 explored the modification of back surface patterning approach to 

improve device performance and stability. The original patterning method used 

photoresist as patterning mask which may cause the contamination to the interface and 

bulk of deposition layers, and also it formed insufficient gap passivation. The process 

contamination and insufficient gap passivation are two possible reasons causing low 

and unstable efficiency. The new patterning method, a-SiNX:H instead of photoresist 

was used as the patterning mask in the PECVD chamber, avoiding any photoresist 
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outgassing to contaminate the deposition layer and making a clean deposition process. 

Moreover, with the new patterning design, the gap can be passivated by multiple 

layers, allowing the sufficient gap passivation. With the new patterning method using 

a-SiNx:H as the patterning mask, the cell performance was largely enhanced from 15% 

to 20.2% and became stable overtime.  

Chapter 5 focuses on the effect of FSF on IBC-SHJ solar cell where different 

combinations of stack layers including i. a-Si:H / ARC, n+ / i. a-Si:H / ARC, i. a-Si:H / 

n. a-Si:H / ARC, and n. a-Si:H / ARC were evaluated. ARC is composed of a-SiNX:H 

and a-SiC:H. The effect of FSF was analyzed and compared via τeff, device J-V, and 

QE measurements.  

Chapter 6 investigated a new c-Si surface passivation scheme by reaction in 

H2S. The sulfurization process in H2S provides promising passivation quality 

comparable to state-of-the-art passivation technology in PV industry. The effect of 

reaction temperature, duration, and H2S gas concentration were all discussed in this 

project. XPS was used to explore the interaction between Si and reaction gas H2S and 

understand the passivation mechanism. The reason causing instability of passivation 

level and the solution to eliminate the degradation were both investigated in this 

chapter.  

Chapter 7 is the only chapter about mc-Si. Having higher concentration of H2S 

react with mc-Si wafer makes sulfur diffuse into Si bulk deeper and passivate its bulk 

defects. The injection level dependent τeff reveals the change of traps and 

recombination states before and after the reaction. The enhanced bulk quality in H2S 

reaction gives us more opportunity to develop different structures of mc-Si based solar 

cell. 
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Chapter 8 summarized the work from chapter 4 to chapter 7 and discussed all 

the ideas of future work to extend the research completed in this dissertation.  



 6 

BACKGROUND 

 

2.1 Solar Energy and Crystalline Si Solar Cell 

There is no doubt the importance of clean energy such as solar energy is 

increasing year by year due to its characteristic – renewable and environmental 

friendly. During 2016, at least 75 GW of solar PV capacity was added worldwide, 

which is equivalent to the installation of more than 31,000 solar panels every hour [7]. 

The solar PV global capacity and annual additions from 2006 to 2016 can be seen in 

Figure 2.1. Solar energy is expected to meet the major fraction of the world’s need. 

Solar cell, also called photovoltaic device, is the indicative of the device that converts 

solar energy to electricity.  

Chapter 2 
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Figure 2.1 Solar PV global capacity and annual additions from 2006 to 2016 [7]. 

 

Several semiconductor materials have been demonstrated to be able to behave 

as a solar cell absorber to generate electricity by solar light illumination. Among all 

the materials, c-Si still occupies the largest portion, including mono c-Si and mc-Si 

wafers [8]. Bell Laboratories in New Jersey discovered PV properties of c-Si in 1941, 

and the first concept of Si-based solar cell was then describe with the first practical Si 

solar cell being demonstrated [9], [10]. The predominance of c-Si in the market is 

attributed to multiple factors. First of all, Si has its natural semiconductor properties 

fulfilling the physical requirements for solar cell application, such as the suitable 

bandgap of c-Si 1.12 eV, corresponding to a light absorption cut-off wavelengths of 

about 1160 nm. This bandgap is well matched to the solar spectrum. Secondly, c-Si 

has been well-studied in microelectronic industry before being used in PV field. While 

scientists and engineers working on thin-film solar cells had to develop the new 

manufacturing system from the beginning, c-Si solar cells have benefitted from the 
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tremendous development of microelectronic industry, and therefore it is not surprising 

that c-Si PV has grown so fast. The last factor needs to be addressed is that Si is the 

second most abundant element among the earth’s crust. All these factors mentioned 

above make c-Si modules the most economical choice for large-scale system.  

However, the cost of stock and fabrication in c-Si PV is still high, especially 

when we consider the price per kWh. This makes the PV-electricity cost higher than 

electricity generated by other traditional materials such us coal, oil, and natural gas. 

There are two approaches to reduce the price per kWh for solar cells. The first one is 

to improve the cell efficiency, and the second one is to lower the cost from 

manufacturing and from the feed stock. These two ideas are the target for most of the 

PV scientists worldwide. The IBC-SHJ solar cell being discussed in this dissertation 

chapter 4 focuses on increasing the cell efficiency. The studies of different front stack 

layers in chapter 5 and different passivation approaches in chapter 6 and both provide 

the potential to improve the cell performance. Mc-Si solar cells are discussed in 

chapter 7. 

 

2.1.1 Si Heterojunction (SHJ) Solar Cell 

The first Si solar cell was developed in 1941 by Russell Ohl with the 

conversion efficiency of 6%, achieved by high temperature (~1000ºC) process to form 

the pn junction. Si has become the major material in the PV field. However, the high 

temperature processing p-n junction, which is typically considered as a traditional 

solar homojunction cell, has limitation of cell efficiency mainly due to poor 

passivation between semiconductor and metal contact and to the high thermal budget 

and wafer thickness required for high temperature processing. The high temperature 
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processing makes thinner wafer fabrication more challenge since thinner wafers are 

prone to warping and cracking at high temperature. However, fabricating solar cells on 

thinner wafer is a important trend in the PV industry since this will dramatically 

reduce the cost [11].  

As seen in Figure 2.2, the front surface passivation layer for diffused 

homojunction c-Si solar cell is a dielectric such as SiO2 and SiNX, which are 

insulating, therefore metal contacts need to contact the emitter layer directly in a high 

temperature sintering process [12]. This results in a poor interface with high 

recombination states between the metal and the absorber c-Si surface. This is why the 

metal contact area is always a high recombination center for not only the front surface, 

but also the back surface. In summary, this diffused junction solar cell structure has 

direct contact between absorber and metal, causing high recombination and hence low 

VOC.  

 

Figure 2.2 Drawing of traditional diffused-junction c-Si solar cell, including its band 
diagram. The wafer is p-type. Structure is not drawn to scale, and the 
texturing surfaces may apply.  
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To remove those limitations from traditional high temperature diffused 

junction c-Si solar cell, this work focuses on: 1) using low temperature processing to 

replace the high temperature processing, including emitter diffusion and metal 

sintering; 2) improving the passivation between the c-Si surface and metal contact, 

which can be achieved by inserting a relatively lower bandgap and ultra thin material 

for surface passivation between c-Si and metal, called “passivated contact” [13], [14]. 

Based on these two targets, Si HJ solar cell was first time developed by Sanyo 

(Panasonic today) in 2000 [15]. The key feature of heterojunction solar cell is the 

separation of highly recombination-active metal contacts from the c-Si surface by 

inserting a thin passivation layer with suitable bandgap, which needs to be slightly 

wider than c-Si of 1.12eV and hence i. a-Si:H becomes a very good candidate. A-Si:H 

can be considered as a conductive passivation material although it does not act as a 

electricity-generating layer in the device [16], and the anti-reflection coating (ARC) 

used for HJ cell is TCO instead of dielectric material such as a-SiNX:H [17]. HJ solar 

cell has a-Si:H for c-Si surface passivation and TCO for anti-reflection allowing the 

idea of “passivated contact” to be achieved without having metal directly contact the 

c-Si surface forming high recombination center. The improved surface passivation 

allows high open-circuit voltage (VOC) to be realized.  
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Figure 2.3 Drawing of a Si HJ solar cell as first developed by Sanyo, Japan, including 
its band diagram. The wafer used here is n-type, and the texturing surface 
may apply.  

 

Figure 2.3 is the structure of a-Si:H / c-Si heterojunction solar cell and its band 

diagram developed by Sanyo with front and back surface both passivated by i. a-Si:H 

[15]. This Si Heterojunction with Intrinsic Thin-layer (HIT) solar cell confines charge 

carriers to a semiconductor active layer (here is c-Si) by sandwiching it between wider 

bandgap films (here is i. a-Si:H). From the processing perspective, there are three 

major advantages of the Si HJ processing technology [18]: 1) full exploitation of the 

excellent passivation properties of a-Si:H films, including both intrinsic and doped 

layers; 2) low-temperature (below 300ºC) processing comparing to diffused junction 

requiring 800ºC~1000ºC, that enables the use of very thin wafers without causing 

substrate warping or breaking; 3) Simplified device fabrication process compared to 

high temperature diffused homojunction solar cell processing. Overall, compared to 

high-temperature diffused junction c-Si solar cell, higher efficiency and more 

reasonable production cost can be expected with Si HIT solar cell due to the improved 
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surface passivation especially at contact region leading to higher Voc, and lower 

temperature processing [19]. 

A more precise definition of the cell structure in Figure 2.3 is Si front HJ solar 

cell with both front and back surface passivated by i. a-Si:H, which has a record 

efficiency 25.1% of large area (151.9 cm2) published by KANEKA Corporation in 

2015 [20]. To study the improved surface passivation and efficiency of Si HJ solar 

cell, we compare the Si HJ solar cell to a special designed homojunction solar cell 

shown in Figure 2.4, which was published in 2015 by Frauhofer Institute for Solar 

Energy Systems, National Renewable Energy Laboratory, and Georgia Institute of 

Technology, where they reported a n-type c-Si front homojunction solar cell with full-

area passivated back contact [21]. The difference between this cell structure and 

traditional homojunction solar cell is the back surface passivation. In traditional p-type 

homojunction solar cell as in Figure 2.2, the back surface typically has only a p+ BSF 

layer formed from the sintering of back metal contact Al. In this studied structure in 

Figure 2.4, the front surface had emitter by boron diffusion, and then passivated with a 

stack of Al2O3 and SiNX. This front structure design has the same concept of 

homojunction solar cell in Figure 2.2 [12]. The full-area passivated back contact by 

ultra-thin layer of SiOX via low pressure chemical vapor deposition (LPCVD) is the 

main selling point discussed in this publication. This structure can still be considered 

as a homojunction solar cell. Table 2.1 shows the comparison of the cell performance 

between homojunction structure (Figure 2.4) and heterojunction structure (Figure 2.3).  
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Figure 2.4 Schematic of simple-designed front homojunction solar cell with full-area 
passivated back contact. Reprinted from Ref. [21], with Copyright 2015 
IEEE. (Please refer to Appendix B: Reprint Permission. IEEE does not 
require individuals working on a thesis to obtain a formal reuse license.) 

 

Table 2.1 Comparison of performance of homojunction solar cell and heterojunction 
solar cell 

Cell type VOC 
(V) 

JSC 
(mA/cm2) 

FF 
(%) 

Efficiency 
(%) 

Area 
(cm2) Article ref. 

Heterojunction  0.738 40.8 83.5 25.1 151.9 [20] 
Heterojunction 0.750 39.5 83.2 24.7 101.8 [22] 
Homojunction 0.718 41.5 83.4 24.9 4.0 [21] 

 

From Table 2.1, two high-efficiency HJ solar cell achievements were reported, 

with the gradually increase of cell performance attributed by multiple optimizations. 

Comparing heterojunction to homojunction, the higher VOC in heterojunction is 
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Abstract: A high cell performance is one of the key drivers to 

reduce the levelized cost of electricity for PV. Nevertheless, the 
production costs of a solar cell technology have to be low, to allow 
a market entry. A both sides-contacted solar cell can potentially 
fulfill both requirements. In this work we present the latest 
results of our DOE FPACE project: A both sides-contacted n-type 
solar cell with a passivated rear contact and an efficiency of 
24.9 %. Furthermore, we present preliminary results for the next 
solar cell improvements and the path to reach efficiencies well 
above 25 %.  

I. INTRODUCTION 

The evolutionary industrial development in silicon solar cell 
mass production is currently moving from the Al-BSF solar 
cell to the more advanced PERC/PERL concept, which lab 
type version resulted in a record efficiency of 25%, until 
recently the world record for silicon solar cells [1]. In 2014, a 
new world record with efficiencies above 25% was achieved 
using a back-junction back-contact solar cell design [2, 3, 4]. 
Two key features of the new world record are the use of 
passivated contacts and the avoidance of shading by placing 
both contact types on the rear side of the cell. 

Passivated contacts are also used in both sides-contacted 
solar cells. The most prominent approach is the Panansonic 
HIT cell with an efficiency of 24.7 % [5]. Due to their 
excellent surface passivation by the amorphous silicon 
heterojunctions, excellent open-circuit voltages of 750 mV [5] 
are achieved. However, due the parasitic absorption in the 
front side a-Si/TCO stack, the short-circuit current is limited to 
values below 40 mA/cm². 

Beside the HIT approach, polycrystalline silicon contacts 
[6] are a promising route to suppress the carrier recombination 
at the metal contacts. Currently many researchers working on 
poly-Si based concepts [7,8] reach dark saturation currents 
lower than 10 fA/cm² for p- and n-contacts. However, the 
thickness of the used poly-Si layers is often larger than 50 nm 
which again leads to a high parasitic absorption.  

This trade-off between parasitic absorption and excellent 
surface passivation has guided many research groups to the 
back-junction back-contact design [4,7,2]. However, this back-
contact solar cells need a complex process chain with many 
alignment and structuring steps. In this presentation we will 
show, that efficiencies well above 25 % are also possible with 

a much simpler cell design featuring the contact design at the 
front and back side of the silicon wafer, allowing for standard 
module interconnection and potentially lower production 
costs. 

II.SOLAR CELL STRUCTURE  

In our approach we try to combine the advantages of 
classical homojunction front side, which is the high optical 
transparency, with a full-area passivated rear contact. A 
schematic of the cell is shown in Fig.1.  

Fig.1. Schematic of the investigated solar cell. 

In the following, the main features of the cell are discussed.  
A. Passivated rear contact 

In our DOE-FPACE project team, we are investigating 
different approaches for the passivated n-type rear contact. All 
of them are based on an ultra-thin tunnel oxide layer in 
combination with a doped silicon layer. At Georgia Tech a wet 
chemically grown tunnel oxide is used which is capped with a 
phosphorus-doped polysilicon layer deposited via LPCVD. 
Implied Voc values up to 730 mV are achieved with this 
approach. At NREL and Fraunhofer ISE, the doped silicon 
layer is deposited via PECVD [8,9]. In the TOPCon approach, 
developed at Fraunhofer ISE, the passivated contact is realized 
by the growth of a thin tunnel oxide layer and the PECVD 
deposition of a 15 nm thin Si compound layer. Subsequently, a 
high-temperature anneal is applied and the samples are then 
finalized by a remote plasma hydrogen passivation (RPHP) 
process. For Tanneal between 700-900 °C a contact resistance of 
below 5 mΩcm² and J0 below 10 fA/cm² were achieved. The 
lowest value achieved so far is 7 fA/cm² for the n-type contact.  
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contributed by excellent front and back surface passivation by a-Si:H. The front metal 

contact grid in homojunction solar cell is a non-passivated region, causing high carrier 

recombination, which is the main passivation and VOC loss. However, heterojunction 

solar cell usually has relatively lower current than homojunction solar cell. This is due 

to the light absorption loss caused by passivation layer i. a-Si:H, front ITO, and the 

emitter layer doped a-Si:H [23], [24]. The thinner a-Si:H layer reduces absorption loss, 

however it will become more challenging to meet the same passivation level. In the 

homojunction solar cell, the front surface is passivated by dielectric materials such as 

SiO2, SiNX, or Al2O3, making no absorption loss. (More details of those passivation 

materials will be discussed in section 2.2.3).  

 

2.1.2 Interdigitated Back Contact Si Heterojunction Solar Cell 

As mentioned in the previous section, the trade-off between parasitic 

absorption and excellent surface passivation / optimized optical properties has given a 

motivation to design a back junction back contact solar cell structure. With both the 

emitter and base metal contacts moved to the back surface, both types of carriers are 

collected at the back side and the front surface can be optimized for only passivation 

and optical properties, without considering any electrical properties. For example, the 

front surface no longer needs conductive ARC such as ITO and therefore the 

absorption loss from ITO can be removed, or firing through dielectric ARC layers 

which always generate high recombination centers at the front surfaces and hence 

reducing VOC. Also, with both metal contacts moved to the back surface, there is no 

metal grid shadowing loss to reduce JSC on the front surface, which is unavoidable in 

front junction solar cell, including both homo- and hetero- junction devices. Moreover, 
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the restriction of contact geometry can be avoided when both the contacts are moved 

to the back surface, and therefore the contact coverage can be increased on the back 

surface and therefore reduce the device resistance [25], [26]. As the result, the trade-

off between reflection loss and series resistance loss in the front contact structure will 

be eliminated, and FF will be increased due to the reduction of series resistance. From 

the perspective of module, the IBC design will simplify the cell interconnection and 

therefore reduce the material cost in the module packaging process [27].  

The idea of IBC solar cell was first time proposed by Lammert in 1977 [28]. 

SunPower Corp. has been at the forefront of developing IBC diffused junction Si solar 

cell and already reached their record efficiency of 25% in 2016 [29]. IBC-SHJ solar 

cell combines the ideas of IBC structure and heterojunction. The device JSC will be 

enhanced due to minimized optical loss from optimization of front stack layers and 

removal of metal grid, and VOC will be enhanced due to the excellent surface 

passivation and passivated contact by low temperature deposition of i. a-Si:H. 

Moreover the FF will be increased due to decreasing series resistance attributed to 

larger metal contact coverage on the back surface. The record IBC-SHJ solar cell had 

the efficiency of 26.7% reported by Kaneka Corp in 2017 [3]. The schematic of cell 

structure is shown in Figure 2.5.  
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Figure 2.5 The schematic of IBC-SHJ solar cell with record efficiency of 26.3% 
released by Kaneka Corp in 2017. Reprinted from Ref. [3]. Please refer 
to Appendix B: Reprint Permission for Copyright 2017, with permission 
from Springer Nature. 

 

Based on the heterojunction structure, the record cell performance of front HJ 

and IBC-SHJ can be compared in Table 2.2. The improvement of JSC is as expected 

attributed to the reduction of absorption loss and illumination of metal shading loss on 

the front surface. The enhanced metal coverage on the back surface made slight 

improvement on the FF. Not surprisingly IBC-SHJ solar cell is the record cell 

structure due to those advantages mentioned above.  
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Figure 1 | Schematic image and IV curve of the HJ-IBC cell. a, Cross-section schematic image of the HJ-IBC cell. b, Current–voltage (IV) curve and
power–voltage (PV) curve of the record HJ-IBC cell (180 cm2 designated area) with conversion e�ciency of 26.3%. The measurement was performed at
the Fraunhofer Institute of Solar Energy as a certified measurement by an independent laboratory under standard test conditions. The IV parameters were
Vmeas

OC = 0.744 V, Jmeas
SC = 42.3 mA cm�2 and FFmeas = 83.8% respectively.

Table 1 |Comparison of our HJ-IBC with recent cells from the literature.

Cell type VOC (V) JSC (mAcm�2) FF% E�% Area (cm2) W (µm) Article

HJ-IBC 0.744 42.3 83.8 26.3 ± 0.5 180.4 (da) 165 This paper
HJ-IBC 0.740 41.8 82.7 25.6 ± 0.5 143.7 (da) 150 Ref. 12
IBC 0.737 41.3 82.7 25.2 ± 0.5 153.5 (ta) 130 Ref. 13
Top and rear contacted HJ 0.738 40.8 83.5 25.1 ± 0.5 151.9 (ap) 160 Ref. 14
Top and rear contacted HJ 0.750 39.5 83.2 24.7 ± 0.5 101.8 (ta) 100 Ref. 18

Comparison of the IV parameters of the 26.33% HJ-IBC cell and recent high-e�ciency cells with HJ architecture12,14,18 and an IBC cell13 . The absolute uncertainty of the conversion e�ciency and
measurement area definition (da, designated area; ap, aperture area; ta, total area) were taken from ref. 15. Designated area: a portion of the cell area from which some cell- or module-contacting
components are excluded. Aperture area: the portion of the total cell area that includes all essential components, including active material, busbars, fingers and interconnects. Total area: the total
projected area of the cell.

under standard test conditions (25 �C and an illumination of AM1.5
spectrum and 100mWcm�2). The measured short-circuit current
density (J SC) in the IV measurement is consistent to the J SC
calculated from the spectral response measurement also performed
at the Fraunhofer ISE. The IV measurement was performed with
both sweep directions (J SC to open circuit voltage (VOC), VOC
to J SC) to take the mean value and there was no hysteresis
observed (<0.1%). Importantly, the solar cell was fabricated using
an industrially applicable capacitively coupled RF plasma-enhanced
chemical vapour deposition (PECVD) deposition tool to form an
a-Si layer on a standard Czochralski n-type c-Si wafer.

In Table 1, the IV parameters and the wafer thickness (W ) of
recent high e�ciency works that contain HJ technology in the
cell architecture12,14,18 are compared with the HJ-IBC cell of this
work. Although the IBC cell reported in ref. 13 is not an HJ using
a a-Si layer, their ‘SunPower X-series technology’ exhibits similar
IV properties to those of our HJ-IBC cells; hence, it is listed for
comparison. Due to optically optimized front side architecture, the
IBC cells show higher J SC compared with top and rear contacted
HJ cells. The fill factor (FF), which is mainly a�ected by e�ective
lifetime and resistance tends to be higher in top and rear contacted
HJ cells compared with IBC cells, while the HJ-IBC cells of this
work reached 83.8%. Comparing the VOC, which is a�ected by
e�ective lifetime, photocurrent density and wafer thickness, the
HJ-IBC cell of this work and the top and rear contacted HJ cell
reported in ref. 18 seem to have a relatively higher combination of
higher e�ective lifetime with respect to the wafer thickness and/or
higher photo/dark current ratio than other devices. Overall, except
for the very highVOC (0.750V) using a thin Si wafer with a thickness

of ⇠100 µm (ref. 18), the IV parameters of the HJ-IBC from this
work have shown the highest values.

In the Si solar cell field, because of its long development
history and the numbers of players, many types of device structure
have been developed aiming for high e�ciency. Figure 2 outlines
the cross-sectional schematic profiles together with the record
e�ciency of typical mono-crystalline Si solar cells categorized by
type of junction (homo- or heterojunction) and in type of contact
(top and rear contacted or IBC). In general, the front side of the
substrate has textured pyramid structures with Si (111) surface
processed by anisotropic etching of mono-crystalline Si substrate,
which is omitted in the Fig. 2.

The HJ technology using a-Si as the passivation layer is known as
one of the strongest technologies to obtain high-e�ciency Si solar
cell by means of reduced carrier recombination loss at the surfaces
of Si wafer12,14,18–22. Also, the IBC structure is known as themost ideal
structure for high-e�ciency solar cells by means of reduced optical
loss due to the lack of a front side electrode10,11,13,23.

In general, the HJ cells have a tendency to show a higher open
circuit voltage (VOC) of 0.730 ⇠ 0.750V compared with that of
the homojunction type due to the high-quality passivation and
passivated contact structure12,14,15,19–22. The core of theHJ technology
is to form a very thin hydrogenated a-Si layer on the crystalline Si
surface by a PECVD method or hot-wire CVD method.

On the other hand, passivation layers used in homojunction
devices such as thermal oxidation or Al2O3 passivation can achieve
a similar e�ective lifetime to that of HJ24. As these layers are
dielectric and do not permit carrier transport, local openings
should be made for contacting. However, once such a direct metal

2

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Table 2.2 The record cell comparison between front and back heterojunction solar cell. 
(The one Kaneka published in Nature Energy is 26.3%) 

Cell type VOC 
(V) 

JSC 
(mA/cm2) 

FF 
(%) 

Efficiency 
(%) 

Area 
(cm2) 

Article 
ref. 

Front HJ 0.738 40.8 83.5 25.1 151.9 [20] 
IBC-SHJ 0.744 42.3 83.8 26.3 180.4 [3] 

 

2.2 Review of c-Si Surface Defect Passivation 

The quality of c-Si surface defect passivation is a prerequisite for high 

efficiency c-Si solar cells and has become even more critical with the industry trend 

towards thinner wafer for cost reduction, due to increasing surface – to – volume ratio 

[22], [30], [31]. c-Si is an indirect semiconductor material, hence the recombination 

loss is largely from defect levels within its bandgap, located both in the bulk and on 

the surface. However, normally high quality of float-zone (Fz) wafer and Czochralski 

(Cz) are used in PV industry, making the bulk defect density to a negligible level 

compared to surface defect density, and making the surface defects such as dangling 

bonds dominate the carrier recombination in the wafer. Two fundamental strategies 

are mainly applied to minimize the surface recombination loss, chemical passivation 

and field – effect – passivation. In this section, the mechanisms of these two 

passivation strategies will be thoroughly discussed, and some well-developed 

passivation materials based on these two approaches will be introduced as well. 

 

2.2.1 Si Surface Recombination and Passivation Mechanisms 

c-Si surface recombination is mainly caused by surface defects such as 

dangling bonds, which are due to the interruption of the periodic crystal lattice. Those 
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dangling bonds are unsaturated, and behave as highly recombination center, also 

called “surface states”. These surface states can be divided into intrinsic and extrinsic 

defects. Most of the cases are extrinsic defects, which are typically processing-related, 

due to dislocations or chemical residues and metallic depositions on the surface [32]. 

Therefore, “surface passivation” indicates the reduction of carrier recombination on 

the surface to keep the surface recombination losses at c-Si surfaces at a tolerable 

level. With a decent surface passivation, the recombination rate is decreased, and 

therefore enhancing the effective lifetime (τeff) and reducing the surface recombination 

velocity (SRV). The definitions of τeff and SRV will be discussed in more details in 

chapter 3.  

There are two passivation mechanisms for c-Si surface: 1) chemical 

passivation by reduction of the surface states; and 2) electrical passivation by 

reduction of the electron or hole concentrations on the surface. Before looking into 

more details about passivation mechanism, it would be better to understand some 

fundamentals of the surface recombination first. For the surface recombination, an 

electron from the conduction band recombines with a hole in the valence band through 

a defect level within the bandgap. The “defect level” here represents a surface state. 

The recombination caused by defects is called Shockley-Read-Hall (SRH) 

recombination [33]-[35]. For a single-level surface defect at an energy Et, the 

recombination rate Us can be expressed in Equation 2.1 [34], [36]. 

 

Us =
ns ps − ni

2

ns + n1
Sp0

+
ps + p1
Sn0

     (2.1) 
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where ni ≡ ni exp
Et − Ei
kT

⎛

⎝
⎜

⎞

⎠
⎟, p1 =

ni
2

n1
,Sn0 ≡σ nυthNst ,Sp0 ≡σ pυthNst  

 

Sn0 and Sp0 are the SRV parameters of electron and hole, ns and ps are the 

concentrations of electron and hole, σn and σp are the capture cross sections of electron 

and hole, Nst is the number of surface states per unit area, Ei is the intrinsic Fermi 

energy, νth is the thermal velocity of the charge carriers, k is the Boltzmann’s constant, 

T is the temperature, and ni is the intrinsic carrier density of the semiconductor. The 

relationship given by SRH theory between the recombination rate Us and the 

properties of the surface states shown in Equation 2.1 shows that there are two 

fundamentally different technological possibilities to reduce the recombination rate at 

the semiconductor surface, which are 1) the reduction of the density of surface states 

and 2) the reduction of the concentration of either free electrons or holes at the 

surface. 

Worth noting is that SRH recombination can occur either as a result of surface 

states, either through the bulk defects or impurities. In monocrystalline Si wafers, Cz 

and Fz wafers, the defects in the bulk is negligible and hence the SRH recombination 

causes by the surface states, which are typically dangling bonds. However if the wafer 

is mc-Si, then not only the surface, defects also exist in the bulk, including metal 

impurities, crystallographic defects such as dislocations, and the dangling bonds along 

the grain boundaries. The defects in mc-Si will be discussed in section 2.3.  

 

Reduction of the density of surface states: 

The surface recombination rate is proportional to the defect density at the 

surface, which can be verified from Equation 2.1. The density of surface states Nst will 
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be drastically reduced by depositing or growing a passivation layer on top of the 

semiconductor surface. Oxygen and hydrogen are the two commonly used elements to 

reduce the density of surface states, as seen in Figure 2.6. Oxygen can be provided via 

SiO2 and hydrogen can be provided via a-Si:H. These two are most commonly applied 

and discussed in solar cell fabrication. More details will be discussed in section 2.2.2. 

 

 

Figure 2.6 Surface states on the c-Si surface can be terminated via oxygen or hydrogen 
by depositing or growing a passivation layer on top of c-Si surface, 
which is called chemical passivation. 

 

Reduction of the surface concentrations of electron or hole 

One electron and one hole need to be involved in a SRH recombination 

process, therefore the highest recombination rate can be reached when the surface 

concentrations of electron and hole are approximately equal [37]. Hence, if the 

concentration of one of the carriers, either electron or hole can be reduced, the 
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EF 
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recombination rate can be strongly reduced. The reduction of either of the carrier 

concentration at the surface can be realized by the formation of an internal electrical 

field below the semiconductor surface, since electron and hole both carry electrical 

charge. Two independent techniques are commonly used to form this electric field to 

repel one type of carriers, and hence reduce the recombination rate: 1) Implementation 

of a doping profile below the Si surface, such as phosphorous for forming n+ layer 

below n-type c-Si surface, or boron for forming p+ layer below p-type c-Si surface. In 

a device structure, we typically call it front surface field (FSF) or back surface field 

(BSF). FSF or BSF consists of a higher doping region and makes a electric filed form 

between this high-low junction (p-p+ or n-n+), introducing a barrier to minority carriers 

and keeping them away from the c-Si surface. The application of FSF on IBC-SHJ 

will be discussed in chapter 5. 2) Field – effect passivation, such as positive fixed 

charge in SiNX or negative fixed charge in AlOX [38]. These two materials are most 

commonly used for field effect passivation in the solar cell fabrication today. The 

positive fixed charge can be deposited on top of n layer to repel holes away and to 

attract electrons to the surface assisting the carrier collection. Similar idea, the 

negative fixed charge can be deposited on top of p layer to repel electrons away and to 

attract holes to the surface improving the carrier collection. Figure 2.7 is the schematic 

of field – effect passivation through fixed charge in the passivation layer. More details 

about field - effect passivation will be discussed in section 2.2.2.  
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Figure 2.7 Fixed charge in the passivation layer can repel one type of carriers and 
reduce its concentration and therefore the recombination rate can be 
improved. This is called field – effect passivation. 

 

2.2.2 State of the art Surface Passivation Materials and Approaches 

Several materials and methods for c-Si surface passivation will be introduced 

in this section, including SiO2, a-Si:H, a-SiNX:H, and Al2O3. Using stack layers to 

improve surface passivation quality has been broadly investigated by researchers, 

however in this section we will only focus on the function of each individual material.  

 

2.2.2.1 Silicon Dioxide (SiO2) 

The most important benefit of thermally grown SiO2 is the high level of 

chemical passivation that can be achieved on both n-type and p-type c-Si surfaces over 

a wide range of relevant doping level. The field-effect passivation in SiO2 is not 

prominent due to comparatively low values of fixed charge density (Qf) in the range of 
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1010 – 1011 cm-2 [39].The passivation level reached by thermally grown SiO2 is the 

SRV of 2 cm/sec for 1.5 Ωcm n-type wafer and 12 cm/sec for 1 Ωcm p-type wafer. 

The high resistivity 90 Ωcm n-type wafer demonstrates SRV of 0.5 cm/sec after SiO2 

passivation, and 10 Ωcm p-type wafer shows SRV of 1.4 cm/sec [40]. All these data 

verified the flexibility of using SiO2 to passivation c-Si surface, among different 

dopant and a wide doping range. The excellent surface passivation by thermally grown 

SiO2 on the c-Si surface requires the thermal process at a high temperature of about 

850ºC by wet oxidation and about 1050ºC by dry oxidation. With this high 

temperature range, thermal oxidation on high-resistivity Si wafer is capable of 

providing extremely low density of surface state of ~ 109 / cm2 eV1 [41]. 

This high processing temperature requirement makes only the c-Si wafer with 

very low impurity level can be used without causing any degradation of the bulk 

lifetime. Another concern is the stability of passivation level by thermally grown SiO2, 

that the interface defect density at SiO2/c-Si was observed strongly increase under the 

ultraviolet light exposure [42]. The instability under light exposure can be terminated 

by capping layer such as a-SiNX:H, which can also act as a antireflection layer in the 

device [43], [44]. To avoid high temperature processing, using low temperature 

process to grow or deposit SiOx to reach the same passivation level has brought 

people’s attention. The processing approaches have been discussed such as low 

temperature [45] PECVD and chemical oxidation synthesis by HNO3 [46], [47]. 

However these two low temperature methods can only produce SiOX with a few 

nanometers thick, which is obviously insufficient for c-Si surface passivation. SiOX 

cannot provide a good surface passivation level with an extremely low density of 

surface states comparable to SiO2 formed by high temperature thermal oxidation.  
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2.2.2.2 Hydrogenated Amorphous Silicon (a-Si:H) 

The most critical benefit by a-Si:H is its low temperature processing via 

PECVD below 300ºC. Besides PECVD, there are other methods such as hot wire 

CVD [48], photo-assisted CVD [49], and reactive sputtering [50]. The structural, 

electronic, and optical properties of a-Si:H also have been investigated broadly [51]. 

Independent of the sample preparation and deposition technique, a-Si:H film has been 

found to contain hydrogen in a range of 1% ~ 40%, and hence it is commonly denoted 

as a-Si:H [52]-[54]. Incorporation of hydrogen will reduce the density of defect in the 

a-Si:H film [55], [56]. This is because Si-Si bonds have distribution of bond angles, 

leading to strained bonds and some of them may break due to the accumulation of 

structural stress, generating dangling bonds. Hence, when the hydrogen is incorporated 

into the film, this will help reduce the density of broken Si-Si bonds in the amorphous 

structure by the formation of Si-H bonds by relieving the strain caused by the bond 

angle variations.  

Several literatures have been investigated the optimization of a-Si:H for best 

passivation quality [57]-[59]. The parameters such as deposition temperature, chamber 

pressure, gas ratio have all been evaluated regarding their effect on τeff and device 

performance. It is found the τeff for a-Si:H film is a function of the total H2 content 

present in the amorphous network [60], [61]. Most importantly, the best passivation 

quality resulting by a-Si:H has a high Si-H bond concentration and a low Si-H2 

concentration, which can be verified through Fourier-transform infrared spectroscopy 

(FTIR) and Raman spectroscopy [62]. Typically the optimized deposition temperature 

is between 225ºC and 250ºC. If the temperature is too low, the concentration of Si-H2 
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bond will increase, thus causing an insufficient passivation quality although the 

overall H2 content is increasing. 

A-Si:H is mainly designed for c-Si surface passivation in HJ solar cell. 

Researchers have dedicated their creative efforts to a-Si:H material exploration, 

process engineering, and device physics to realize high efficiency a-Si/c-Si HJ solar 

cell [63]. Currently the extensively studied HJ solar cell has surface passivation by i. 

a-Si:H, therefore there is another term of this cell structure, HIT solar cell. The record 

HJ solar cell is IBC structure, with efficiency 26.7% had both front and back surfaces 

excellent passivated by low temperature i. a-Si:H and the SRV of passivated sample is 

below 1 cm/sec, which is believed to be one of the reasons pushing the cell efficiency 

close to the theoretical efficiency limit 29.1% [3]. The high surface passivation level 

by i. a-Si:H is primarily contributed by the excellent electrical quality of i. a-Si:H/c-Si 

interface with reduction of interface state density [64], [65], and may also slightly 

attributed to field-effect from a weak electric field introducing by band alignment to 

repel one type of carriers [66], [67]. There are two drawbacks with a-Si:H passivation: 

1) the degradation induced by illumination, termed as Staebler-Wronski effect [68]-

[70]; and 2) the parasitic light absorption loss [24], which has been discussed in 

section 2.1.  

 

2.2.2.3 Aluminum Oxide (Al2O3) 

Besides a-SiNX:H, another well-developed field – effect passivation material is 

Al2O3, which is also a dielectric layer and typically applied on diffused-junction solar 

cell [71]-[74]. The most widely used processing approach for Al2O3 is atomic layer 

deposition (ALD) at a low temperature range, typically below 350ºC [75], [76]. The 
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process ALD has the advantages of precise and uniform thickness control, and 

conformal deposition over large area surfaces. Al2O3 has very high density of negative 

Qf, which is about 1012 ~ 1013 / cm2, making it more suitable for p-type c-Si surface 

passivation [77]. The passivation level of Al2O3 on lowly doped p+ emitter Si was 

demonstrated by Hoex et al., which was at least as good as by thermally grown SiO2 

[71], [78]. Being passivated by the negative fixed charge in the Al2O3 film, the 

extremely low SRV of 2 cm/sec was reported on 2 Ωcm n-type c-Si wafer and 6 

cm/sec on p-type c-Si wafer, accomplished by low temperature ALD at 200ºC [79]. 

One of the biggest advantages of Al2O3 is its stability under light exposure. In other 

word, the defect density at the interface Al2O3 / c-Si was observed not to be affected 

by light exposure. The Al2O3 layer for p-type Si surface passivation is expected to 

passivate the rear surface of conventional screen-printed p-type Si solar cells by 

replacing the Al-BSF. To date, the application of Al2O3 on p+ emitter and on the p-

type c-Si has improved the solar cell performances up to 23.9% [80]. The only 

concern for Al2O3 is the low deposition rate of ALD, which may need about 5000 

seconds to deposit the 30 nm thick film needed for the device. This low throughput 

limits the application of Al2O3 by ALD for the commercial scale PV manufacturing.  
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Figure 2.8 (a) and (b) are the density of electron (red line) and hole (blue line) at 
different depth from p-type c-Si surface affected by the fixed negative 
charge Qf = 2 x 1012 cm-2 in the Al2O3 film after the Al2O3 deposited on 
the c-Si surface. (c) is the c-Si band bending under influence of Qf. Data 
is obtained by simulation using PC1D for a 2 Ωcm c-Si wafer under 
illumination. Reprinted from Ref. [74]. Please refer to Appendix B: 
Reprint Permission for Copyright 2012, with permission from AIP 
Publishing. 

 

Figure 2.8 is an example of Al2O3 with negative fixed charge, Qf, 2x1012 cm-2 

and how this Al2O3 influences the p-type c-Si and n-type c-Si respectively [74]. For p-

type c-Si capped with Al2O3 passivation layer, as seen in Figure 2.8 (a), the increased 

majority carrier density leads to a accumulation condition; however in Figure 2.8 (b) it 

becomes inverted. The Al2O3 deposited on n-type c-Si surface forms a inversion 

condition, and may cause shunting problem. Although the electron density on the 

surface is reduced in both (a) accumulation and (b) inversion cases. However, the 

electron density and hole density becomes equal at a distance away from the interface, 

therefore the recombination rate in the subsurface area can be expected to enhance 

when bulk defects are present. The band bending in Figure 2.8 (c) caused by negative 

fixed charge in Al2O3 film indicates that the electrons will be hindered and holes 

interface. This phenomenon can be expected to enhance
recombination in the subsurface when bulk defects are
present.

A measure that reflects the level of surface passivation is
the surface recombination velocity S:

S! Us

Dn
; (1b)

with Dn the injection level. It is possible to deduce an effec-
tive surface recombination velocity, Seff, from the effective
lifetime of the minority carriers in the Si substrate, seff. The
effective lifetime is often measured by the photoconductance
decay technique and is controlled by bulk- and surface
recombination processes,30–33

1

seff
¼ 1

sSRH
þ 1

sAuger
þ 1

srad

! "

bulk

þ 1

ssurf
: (2a)

Equation (2a) illustrates that both intrinsic (Auger and radia-
tive recombination) and extrinsic recombination processes
determine bulk recombination. Extrinsic recombination via
bulk defects is also known as SRH recombination. Impur-
ities, such as Fe,34 lattice faults, and dangling bonds at grain
boundaries (multicrystalline Si) can all represent bulk defect
states. In addition, boron–oxygen complexes, formed during
illumination, can be prominent recombination centers, espe-
cially for monocrystalline p -type Si grown by the Czochralski
method (Cz-Si).35–38 These defects limit the maximum bulk
lifetime. On the other hand, for high quality float-zone (FZ)
Si, Auger recombination and, to a lesser extent, radiative
recombination are generally more important processes than
recombination through bulk defects, especially at high injec-
tion levels.

For a symmetrically passivated wafer with sufficiently
low Seff values, Eq. (2a) can be expressed as

1

seff
¼ 1

sbulk
þ 2Seff

W
; (2b)

with W the wafer thickness. The relative error in Seff is typi-
cally below 4% for Svalues <250 cm/s.24,30 For poorly pas-
sivated surfaces, a term accounting for the diffusion of
minority carriers toward the surface is required to improve
the accuracy as described by

1

seff
¼ 1

sbulk
þ W

2Seff
þ 1

Dn

W

p

! "2
 !$1

; (2c)

with Dn the diffusion coefficient (with a typical value of
30 cm2/s).24 To calculate the exact value for Seff by Eq. (2b),
the bulk lifetime—which is generally not known—is
required as an input parameter. Some authors use the general
parameterization of the Auger recombination by Kerr and
Cuevas for wafers with various resistivities to obtain a mea-
sure for the bulk lifetime.39 However, it should be noted that
these values represent an approximation (derived under the
assumption that Seff was 0 cm/s). In fact, Benick et al. have
reported seff values above the “intrinsic Auger limit” as
derived by Kerr and Cuevas, suggesting that the intrinsic
lifetime can be higher in reality.40 In addition, sbulk may
vary significantly from wafer to wafer due to the presence of
SRH recombination. Alternatively, an upper level of Seff can
be calculated by assuming that recombination only occurs at
the wafer surfaces (i.e., sbulk ¼1),

Seff;max ¼ Seff <
W

2seff
: (2d)

Seff,max is a good approximation for the actual value of Seff

(for injection levels for which Auger recombination is not
dominant) when the passivation properties are evaluated on
Si wafers with high bulk lifetimes (> 1 ms). On the other
hand, for an excellent surface passivation quality, with the
surface recombination approaching 0 cm/s, the effective life-
time becomes dominated by intrinsic recombination proc-
esses which will limit the minimal value of Seff that can be
experimentally determined.

The influence of the chemical and field-effect passivation
on the surface recombination velocity is illustrated by the
simulations in Fig. 2. The trend of Seff was derived by using
Eq. (1a) in conjunction with a Poisson solver (PC1D) to obtain
values for n s and p s under illumination. Seff is observed to
decrease linearly with a reduction in Nit, which directly fol-
lows from Eq. (1a) and (1b). In addition, it is observed that
the reduction in Seff by field-effect passivation is especially
prominent for Qf values >1011 cm$2. The simulations show
that for moderately doped Si a twofold increase in Qf pro-
duces a fourfold decrease in Seff (i.e., Seff % 1=Q2

f , for suffi-
ciently high Qf values).17 For significantly higher doping
concentrations at the surface (e.g., emitters), a given fixed
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collection will be assisted, hence the field effect passivation by Al2O3 with its negative 

Qf is more suitable for p layer.  

 

2.2.2.4 Hydrogenated Amorphous Silicon Nitride (a-SiNX:H) 

The commercialized homojunction c-Si solar cell in the PV industry has 

standard a-SiNX:H for front surface passivation using PECVD at processing 

temperature of about 400ºC~450ºC [81], [82]. Record low SRV of 4 cm/sec has been 

obtained on 1 Ωcm p-type Si wafers by a-SiNX:H using remote PECVD or high-

frequency (13.56 MHz) direct PECVD [83]. The passivation effect of a-SiNX:H is 

primarily provided by the positive fixed charge in the a-SiNX:H film [84], and the 

amount of the Qf is estimated to be around 1012/cm2 [73]. Positive Qf makes the a-

SiNX:H layer suitable for n-type c-Si surface passivation forming accumulation layer, 

instead of p-type which would cause parasitic shunting due to inversion layer [85]. 

This is because the positive Qf can effectively shield the hole, which is the minority 

carrier in the n-type Si, away from the c-Si surface. Therefore the recombination rate 

being reduced due to the decreasing concentration of hole. Not only being a promising 

passivation dielectric material, a-SiNX:H refractive index can be flexibly adjusted to 

become ARC on c-Si solar cells. Therefore a-SiNX:H has been widely applied on p-

type front diffused junction solar cell for the n+ emitter layer passivation and anti-

reflection [86], [87]. 
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2.3 Review of Multicrystalline Si Bulk Defect Passivation 

Cast mc-Si is broadly used for c-Si based solar cell due to its inexpensive 

characteristic. From Figure 2.9 it can be clearly seen the percentage of annual 

production by mc-Si is increasing year by year [8].  

 

 

Figure 2.9 The percentage of annual production for thin film, mc-Si, and mono c-Si 
solar cell in photovoltaics field from 1980 to 2016 [8].  

 

The record mc-Si cell efficiency is 21.9% by Fraunhofer ISE [88]. The main 

disadvantage of using mc-Si is its bulk defects including metal impurities, dislocation, 

and grain boundaries that reduce the device performance since those carriers may act 

as recombination centers and reduce its τeff [89]. Using different approaches to remove 

Thin film Multi Si Mono Si 
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or reduce the defects in mc-Si has been studied by scientists for several years. Up to 

date, researchers are still striving and dedicating to the passivation of mc-Si bulk, to 

improve its bulk quality, enhance the solar cell efficiency, and reduce the cost. The 

mc-Si passivation process can be roughly divided into two steps. The first step is 

gettering metal impurities at a higher temperature usually above 950ºC [4], [5]. The 

second step is hydrogen diffusion to passivate crystallographic defects such as 

dislocation and grain boundaries [90]. Using hydrogen to terminate dangling bonds 

along the grain boundaries has becoming a mature and well developed technology in 

mc-Si solar cell industry today.  

 

2.3.1 Types of Bulk Defect 

There are three different types of defects in mc-Si limiting the efficiency of 

mc-Si solar cell. The first type is metal impurities such as Fe, Au, Cu, and Ni, which 

are caused by casting, the common growing process for mc-Si [91]. The 

concentrations of metal impurities exist in the mc-Si can be as high as 1014 – 1016 cm-

3, as seen in Figure 2.10. Those impurities may affect the efficiencies of mc-Si solar 

cells in a variety of ways, including bulk recombination, leakage current, and direct 

shunting. The second type of defect is a crystallographic one, such as dislocation. 

Dislocations are mainly generated during crystal growth including cooling process as a 

result of thermal stress or different crystal orientations [92], [93]. Some researchers 

have found that impurities in the mc-Si may precipitate at dislocations when the 

density of dislocation is above a threshold number of about 106 cm-2 and cause the 

ineffective impurity removal, and therefore can dramatically decrease the τeff limiting 

the device performance [94], [95]. The third type of defect is dangling bonds along the 
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grain boundaries, which is the dominant one in a mc-Si wafer [96]-[98]. Different 

types of defect need different passivation approaches to remove or terminate them.  

 

Figure 2.10 Neutron activation analysis data of total metal content in ingot-grown, 
ribbon, and sheet mc-Si materials, as determined from published data. 
Reprinted from Ref. [91]. Please refer to Appendix B: Reprint 
Permission for Copyright 2006, with permission from John Wiley and 
Sons. 

 

2.3.2 Traditional Bulk Defect Passivation Methods 

Two main bulk defect passivation techniques are mainly used to remove or 

reduce the impacts of defects and hence enhance the mc-Si solar cell performance. 

The first one is “gettering” at high temperature typically above 950ºC to remove metal 

impurities in the mc-Si materials [99]-[102]. The critical point of the gettering process 

is that it concentrates impurities in a specific region of a wafer, typically is the surface, 

followed by chemical etching to remove those impurities. Different gettering resource 

growth parameters, structural defect types, and contamination sources. Copyright#
2006 John Wiley & Sons, Ltd.

key words: multicrystalline silicon solar cells; transition metal impurities; contamination; crys-
tal growth; synchrotron-based analytical X-ray microprobe techniques

1. INTRODUCTION

M
etals are known to exist in commercial multicrystalline silicon (mc-Si) materials in concentrations
as high as 1014–1016 cm!3 (Figure 1).1–3 These impurities can decrease the efficiencies of silicon-
based devices in a variety of ways, including bulk recombination,4,5 increased leakage current,6–8

and direct shunting.9,10 The groundbreaking study of Davis et al.11 specified threshold concentrations for indi-
vidual metal species in Czochralski silicon (CZ-Si) photovoltaic devices, correlating the total metal content in a
CZ-Si wafer to a quantified decrease in solar cell efficiency.
As newer multicrystalline silicon material evolved, the quantified effect of different metal species on

device performance was found to vary from earlier studies.12,13 It has become clear that in order to fully assess
the effect of metals on solar cell performance, one must know not only the total concentrations of different
metal species, but also about the spatial and size distributions of metal-related defects,14–16 their chemical nat-
ures,15–17 their interactions with different types of defects,18–21 and their behavior22,23 during the crystal growth
process. In this study, we employ synchrotron-based analytical techniques to determine the aforementioned
characteristics of metal contamination in a variety of mc-Si materials from multiple vendors. The conclusions
drawn in this study are based on a large database of experimental data, which is much wider than a few typical
metal distribution maps included in this article by way of example.

Figure 1. Neutron activation analysis data of total metal content in ingot-grown, ribbon, and sheet mc-Si materials, as
determined from published data (references 1–3). NB: Total metal content is a strong function of feedstock quality, which
can vary between growth runs. NB2: Since data was compiled from three different studies, sensitivity limits for one element
may vary between materials. Thus missing bars for certain materials and elements do not indicate the absence of that metal

in a particular material, simply a signal below a variable87 detection limit

514 T. BUONASSISI ET AL.

Copyright # 2006 John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. 2006; 14:513–531
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and process may have different gettering effectiveness to each metal impurity. Solute 

diffusion gettering by phosphorous is the most efficient one among different gettering 

materials such as boron, antimony, and arsenic [4]. The second passivation technique 

is making atomic hydrogen diffuse into mc-Si bulk and reduce the crystal defect 

density [90]where the hydrogen is typically provided by a-SiNX:H coating layer  

[103]-[106].  

However it has been observed that hydrogen passivation might be insufficient 

for a high dislocation density material and also metal impurities and precipitates 

trapped in the high density of dislocations cannot be directly and effectively removed 

during gettering process [107], [108]. Hence, it has become critical to develop 

alternative approaches to remove dislocations. Many studies have been proposed to 

develop different approaches to suppress the dislocation generation during crystal 

growth or to annihilate the dislocation through post heat treatment. The generation of 

dislocations can be suppressed by diminishing the thermal stress or by managing its 

crystal structure during crystal growth by adjusting process conditions [109]-[111]. 

Researchers have found that dislocation mobility increases with temperature and stress. 

The post annealing above 1000ºC with different heating rates and cooling rates has 

been found by several groups to reduce the density of dislocation, which is also 

consistent with the Peierls-Nabarro model [112]-[115]. Further investigations 

demonstrate that the driving forces, such as high temperature via thermal annealing or 

high stresses via mechanical stress application, are required for dislocations to 

overcome a certain amount of activation energy to be mobile [95], [116], [117]. 

Therefore in an environment with higher temperature, lower activation energy, and 
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higher stresses may cause an increase of the dislocation velocity and the rate of 

reduction of the dislocation density.  

Grain boundaries are the main type of defects in mc-Si material limiting the 

efficiency of mc-Si solar cell. Hydrogen has great potential in the electrical 

passivation of grain boundaries, and is widely used to improve the quality of mc-Si 

and therefore device performance [118]-[120]. The potential impact of hydrogen on 

mc-Si solar cell was first time realized in 1979 at Sandia National Labs using direct 

current hydrogen plasma [121]. Later in a follow up report, they reported an improved 

diode characterization result for a hydrogen-passivated mc-Si solar cell [122]. 

Multiple processing approaches such as hydrogen plasma, ion implantation, and a-

SiNX:H deposition followed by H diffusion have ability to introduce atomic hydrogen 

into mc-Si bulk to terminate dangling bonds along grain boundaries. The advantage 

and disadvantage of each approach will be discussed in chapter 7. In chapter 7 we will 

be focusing on mc-Si passivation in H2S reaction and demonstrated the passivation 

effect via the reduction of traps and recombination states. 
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EXPERIMENTAL TECHNIQUES 

 

3.1 Fabrication 

The fabrication discussed in this work includes wafer cleaning, etching, thin 

film deposition, surface reaction, photolithography, and electron beam evaporation. 

The wafer cleaning process includes solvent cleaning to remove dust and grease, 

piranha oxidation to remove hydrocarbon and form oxidation layer on the surface, and 

HF etch to remove the oxide and form H-terminated surface. Two etchants for etching 

c-Si are mainly involved in this dissertation, one is tetramethyl-ammonium hydroxide 

(TMAH) for anisotropic etching, and another is HNA, which is composed of HNO3 

and HF, for isotropic etching. Multi-chamber PECVD and custom-built sulfurization / 

selenization system at IEC will be introduced. Photolithography is used for the back 

surface patterning process for IBC-SHJ solar cell in this dissertation. Electron beam 

evaporation was used to deposit metal film for solar cell metal contact.  

 

3.1.1 Wafer Cleaning Process   

There are multiple cleaning steps from solvent cleaning, piranha oxidation, to 

HF etching. Solvents used in the wafer cleaning process include acetone, isopropanol, 

and methanol. All the solvent cleanings are with ultrasonic agitation. Starting with 5 

min in acetone solution in 55ºC ultrasonic tank, followed by isopropanol flush and 5 

Chapter 3 
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min DI water rinse. Acetone is mainly used to remove the grease on the wafer surface. 

After acetone, the wafers need to be cleaned in methanol in the ultrasonic tank with 

agitation at 55ºC for 5 min. Isopropanol flush followed by 5 min DI water rinse is 

carried out after methanol.  

After grease and all dusts on the wafer surface being cleaned by solvents, 

piranha, which is a mixture of H2SO4 and H2O2 in 3:1 ratio, is then used to remove 

organic residues on the c-Si surface by two chemical reactions occurring: dehydration 

and oxidation. In the dehydration reaction, hydrogen and oxygen as a unit of water are 

removed by the concentrated H2SO4. This dehydration reaction will also carbonize any 

organic materials on the c-Si wafer surfaces, such as hydrocarbon. Then, in the 

oxidation reaction, H2O2 is converted from a normally mild oxidizing agent into an 

aggressive state by H2SO4, to dissolve elemental carbon on the c-Si surface. As a 

result, any organic residues on the c-Si surface can be completely removed in piranha 

aqueous solution. 

After piranha, the samples need to be rinsed in flowing DI water for at least 5 

min. The final cleaning step is HF etching to remove the oxide on the c-Si surface and 

form H-terminated Si surface by replacing surface OH groups with H surface bonds. 

The H-terminated surfaces need to be formed right before loading the samples into 

PECVD chamber for further processing. Figure 3.1 summarizes the sequential 

chemical reactions happen on the c-Si surface during these cleaning steps from solvent 

cleaning, to piranha oxidation, and then to HF dip.  
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Figure 3.1 The schematic of the c-Si surface reactions during the cleaning processes in 
piranha oxidation and HF etch. X and R represent the impurities and 
organic residues on the c-Si surfaces. 

 

3.1.2 Wet Chemical Etching: HNA & TMAH 

HNA or TMAH are required during the cleaning process for wafers that need 

to be etched back, textured, or smoothed. HNA is used to etch off both c-Si and a-
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Si:H, and the etching rate varies with different etching targets where the HNA is 

composed of HNO3 and HF. The reaction mechanism consists of reaction equations 

3.1 and 3.2 where HNO3 oxides Si, forming SiO2, which is removed by HF [123]. 

 
Si + 4HNO3→ SiO2 + 2H2O+ 4NO2(g )        (3.1) 

SiO2 +6HF→ H2SiF6 + 2H2O                    (3.2) 

 

The etching rate does not vary with etching material and depends on the HNA 

concentration, which can be controlled by the diluent DI water or acetic acid. There 

were detailed studies comparing the etching rate and mechanism, which may be 

different between DI water and acetic acid. Using acetic acid to dilute HNA makes the 

solution has greater tolerance since HNO3 has less ionization in acetic acid than in DI 

water, and therefore the etching rate can be more controllable in acetic acid. 

TMAH, tetramethylammonium hydroxide (CH3)4NOH, is another chemical 

used to texture or polish c-Si surface [124], [125]. Comparing to anisotropic etching 

by KOH or isotropic etching by NaOH, which have been traditionally used in PV 

industry, etching by TMAH aqueous solution avoids any metal ions contamination 

such as K+ and Na+. TMAH provides highly anisotropic etching for Si since the 

bonding energy of Si atoms is different for each crystal plane, and therefore leads to 

pyramidal structures on the surface. Moreover, TMAH solution hardly attacks SiO2, 

which can be used as an etching mask during the processing. For Si (100) used in this 

dissertation, the Si (100) etch rates generally increase with temperature and decrease 

with increasing TMAH concentration. The etched Si (100) surface roughness 
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decreases with increasing TMAH concentration, and mirror-polish surfaces can be 

obtained by high concentration, ~22%, TMAH solution.  

In our lab, we primarily use two different etching concentrations for TMAH 

processing. Low concentration 1% is used to texture c-Si wafer surface forming 

random pyramid structure on originally polish surface, and 5% to smooth c-Si wafer 

surface, which was pre-textured by SunPower Corp having large (10 µm – 20 µm) 

square pits with depth 5 µm – 7 µm all over the surface and small random pyramids 

with depth 2 µm – 3 µm. Both TMAH texturing and smoothing are at solution 

temperature 70 – 80ºC in the beaker, by setting the ultrasonic tank water at ~150ºC.  

 

3.1.3 Plasma Enhanced Chemical Vapor Deposition System (PECVD) 

At IEC, the multi-chamber (MC) system is used for PECVD to deposit i. a-

Si:H, doped a-Si:H, a-SiNX:H, and a-SiC:H at low temperature 175ºC~300ºC for HJ Si 

solar cell processing. Right before loading samples into PECVD chamber for 

deposition, substrates are dipped in 10% HF for 1 min to make c-Si surfaces H-

terminated and fully hydrophobic. PECVD is a deposition technique to deposit thin 

films from a gas phase precursor to solid phase on the substrates at low temperature. 

Since the main chemical reactions occurring during PECVD are initiated by plasma, 

high temperature can be avoided during the process. In our system, the chamber 

temperature is controlled between 150ºC and 300ºC. The plasma is generated by direct 

current (DC) or radio frequency (RF) glow discharge between two electrodes, which 

have the space normally 1.7 cm – 1.8 cm. The chamber wall and the substrate plate are 

both grounded for our system configuration. The composition of the reactive gases is 

controlled by mass flow controller (MFC) prior to entering the deposition chamber. In 
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the chamber, plasma converts the gas mixture into reactive radicals, ions, electrons, 

neutral atoms, molecules, and other highly excited species. All these different type of 

particles are accelerated by the potential between the two electrodes and interact with 

substrate surfaces. The chamber pressure is usually maintained at a low pressure, 

which is at about 1 Torr through a throttle valve to maintain a balance between the gas 

flow rate and the pumping speed. The reaction begins when the species collide and 

successfully adsorb on the substrate surface with plasma striking when the chamber is 

uniformly filled reactive gas mixture with low chamber pressure. The low chamber 

pressure in PECVD needs to be maintained because the chemical reactions and the 

energetic species are formed by the collision of the gas particles. Species will either 

replace nearby Si-H bonds and then release the hydrogen or diffuse to vacancy region 

and therefore saturate the Si dangling bonds. High concentration of hydrogen will be 

created near the substrate surface, which enhances the surface reaction by increasing 

the surface mobility of the adsorbed species. The by-product of hydrogen must be 

desorbed and transported away from the substrate surfaces to allow the continuing 

film growth. 

 

To summarize, a general PECVD process includes seven steps:  

(1) The transport of precursor gases to the chamber  

(2) Ignition of plasma to generate reactive species 

(3) Diffusion of the reactive species to the substrate surface 

(4) Surface reactions between radicals at the surface of the substrate 

(5) Desorption of gaseous by-products 

(6) Transport of by-products away from the surface of the substrate 
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(7) Transport of by-products and unreacted gas from the reactor 

 

Step 1 and step 7 are more related to the design of the chamber, and step 2 to 

step 6 determine the film growth because plasma reaction and substrate surface 

reaction are both included.  

 

 

Figure 3.2 Schematic of cross-section of the PECVD system at IEC. 

 

Figure 3.2 illustrates the design of PECVD chamber at IEC. Mixture of 

processing gas enters the chamber from the bottom of the chamber and being pumped 

out through a turbo pump, which is backed by a mechanical pump. The purple region 

is the plasma stroked in the chamber, generated between the two electrodes having the 

potential formed by the power source DC or RF power. Two heaters on the top and at 
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Figure 3-1 Schematic of a typical PECVD chamber and related parts. 

Error! Reference source not found. is the schematic of a typical PECVD 

chamber and related parts. Since the main chemical reactions are initiated by plasma, 

no high temperature is needed for deposition. Typically, the chamber temperature is 

controlled at 150 ºC-300 ºC by both top and bottom heaters. The composition of the 

reactive gases, i.e., silane (SiH4) and hydrogen (H2) gas for intrinsic a-Si:H film 

deposition, are controlled at desired flow rates with mass flow controller (MFC) prior 

to entering deposition chamber. The mixed gas flows through gas shower head into the 

high vacuum chamber which helps to create a uniformly distributed gas at the 

substrate surface.  The chamber pressure is maintained usually at ~ 1Torr through a 

throttle valve to maintain a balance between the gas flow rate and the pumping speed. 

When the deposition chamber is uniformly filled with reactive gas mixture and 

maintained at desirable deposition pressure and temperature, either radio frequency 

(RF) or direct current (DC) power source is used to initiate the plasma where the 

chamber walls and substrate plate are both grounded for our system configuration. The 
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the bottom of substrate carriers control the substrate temperature up to about 300ºC in 

our system.  

 

 

Figure 3.3 Multi-chamber (MC) in-line PECVD system at IEC, in which the PECVD 
processes in this dissertation were conducted. 

 

The depositions completed in this dissertation were conducted by using a high 

vacuum multi-chamber in-line system at IEC, with four reaction chambers and two 

loading / unloading chamber at two sides, as shown in Figure 3.3. Each of the four 

reaction chamber has the similar structure as shown in Figure 3.2. Intrinsic, p-type, 

and n-type materials are deposited in different chambers of the MC system in Figure 

3.3 to prevent any possible cross contamination. Silane (SiH4) and hydrogen (H2) are 

the gases for i. a-Si:H and also the basic gases for all other thin films. Diborane (B2H6) 

intrinsic layers, diborane (B2H6) or phosphine (PH3) are used for p-type or n-type 

doping, and ammonia (NH3) and methane (CH4) are added to grow a-SiNx:H and a-

SiC:H films, respectively. It should be mentioned that we installed a sample flipper in 

one of the load locks, which enables continuous depositions on both sides of substrate 

without unloading the samples and breaking the vacuum.  

 

Figure 3.2: Multi-chamber (MC) in-line PECVD system at IEC, on which the 

PECVD depositions in this thesis were conducted. 

3.1.2  Physical Vapor Deposition (PVD) 

Physical Vapor Deposition (PVD) is a variety of vacuum methods used to 

deposit thin films by the condensation of vaporized form of the desired film materials 

onto the substrate. It involves purely physical processes such as high temperature 

vacuum evaporation or plasma-assisted sputtering rather than the involving of 
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is used for p. a-Si:H; phosphine (PH3) is used for n. a-Si:H; ammonia (NH3) is used 

for a-SiNX:H; methane (CH4) is used for a-SiC:H. A customized sample flipper was 

designed and installed in one of the loading chamber of our MC system. The flipper 

can be used to flip over the sample for both-side deposition, without breaking the 

vacuum and especially enhancing the c-Si surface passivation quality. 

The process design of PECVD in our MC system has three stages: 1) reactive 

gas diffusing uniformly into the chamber; 2) plasma initiation and film growth; 3) 

purging reaction chamber with inert gas Ar. The flushing time of reaction gases in 

stage 1) and inert gas in stage 3) are both 3 min, which is based on the calculation 

between the chamber size and gas flow rate. Film deposition time in stage 2) is 

decided based on the film growth rate and thickness required. The growth rate can be 

tuned by deposition parameters, including substrate temperature, chamber pressure, 

supplied power type and magnitude, reaction gases, and each of their concentration. 

 

3.1.4 Photolithography 

Photolithography technology [126]is a technique widely used in microelectron 

fabrication for defining patterns. A designed pattern can be transferred from a 

photomask to a photo-sensitive polymeric material via UV light, known as photoresist. 

A photoresist contains three components: 1) a resin or base material; 2) a photoactive 

component; 3) a solvent that controls the viscosity of the photoresist. Photoresist can 

be categorized into two different types: positive photoresist and negative photoresist. 

For positive photoresist, its photoactive component behaves as an inhibitor before 

exposing to the UV light, which reduces the dissolve rate when immersing in a base 

solution called developer. The exposure of positive photoresist makes the photoresist 
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become soluble in the developer, while the area being covered by the mask will leave 

the photoresist film on the substrate surface. For negative photoresist, it contains a 

crosslink, which would be activated during the light exposure and become non-

dissolvable in the developer. We choose positive photoresist Shipley S1827 for our 

patterning work in this dissertation. The advantage of positive photoresist is that resin 

material is fairly resistant to chemical attack and developer. Therefore the photoresist 

pattern can be a good mask for subsequent chemical etching during the IBC-SHJ solar 

cell fabrication. Optional post bake is used to make the film more resistant to chemical 

etching process.  

For the whole photolithography process, sample cleanliness is critical. Any 

dust and particle on the sample surfaces before applying photoresist will affect the 

resist spin coating and film uniformity and adhesion. The equipment mask aligner for 

photolithography at IEC is shown in Figure 3.4. N2 gun was used to blow off any dust 

and particle on the samples will provide a good starting of photolithography process. 

After N2 blowing off, 120ºC baking for 2 min on a hot plate assured complete 

dehydration of c-Si samples and therefore improved photoresist film adhesion. After 

cooling down, the samples were then placed on the spin coater one piece at a time. In 

the static state, positive photoresist Shipley S1827 was applied on the 1 inch by 1 inch 

wafer surface area fully, followed by ramping up to 3000 rpm within 10 sec, dwelling 

at 3000 rpm for 50 sec, and then ramping down within another 10 sec. The 3000-rpm 

spinning speed will generate ~ 3µm thick of resist film uniformly covering the entire 

surface of the substrate. The substrate was then transferred to the hot plate for soft 

baking at 120ºC for 3 min, to remove most of the solvent in the resist film. The well-

coated and after-soft-bake sample was then exposed under UV light through the 
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desired photomask in the mask aligner. The photomask is an opaque plate with partial 

transparencies, which has the pattern allowing UV light to shine through. Before using 

the photomask, make sure the mask is clean. The mask can be cleaned through N2 gun 

to remove the dust; or can also be cleaned by acetone to remove any photoresist 

residue on the mask. The mask can only be dried through N2 gun, because any of the 

wipes may cause scratches on the mask surface. After cleaning the mask, it was loaded 

with its brown side facing down onto the vacuum chuck and then being locked in its 

place. The sample stage needs to be placed at close contact before UV light exposure. 

After exposure, the sample was placed in the developer MF319, which contains low 

concentration of TMAH, to etch off the exposed region of positive photoresist. 5 min 

of DI water rinse was required after develop to completely remove all the solvent and 

TMAH on the sample, followed by hard bake at 140ºC for 5 min to increase the 

thermal, chemical, and physical stability if more subsequent etching steps needed.  

 

 

Figure 3.4 Karl Suss MJB standard 3 mask aligner used at IEC.  

capable to achieve approximately 1 Pm resolution as well. In our experiment, the 

contact mode is used. Once the mask has been accurately aligned with wafer surface, 

the PR is exposed through the pattern on the mask using a high intensity UV light with 

a power density of 10W/m2. Karl Suss MJB 3 Standard aligner at IEC is used for 

make alignment and exposure, which is shown in Figure 3.4. 

 

 

Figure 3.3: Contact, proximity and projection methods of photolithography [5].   

 

 

Figure 3.4: Karl Suss MJB Standard 3 mask aligner used in this work.   
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The basic photolithography process for patterning can be more easily 

understood in Figure 3.5. After the pattern completed in developer, sequential 

processing could be etching or thin film deposition, and the patterned photoresist film 

could be removed or leaved on the surface for further processing. All these depend on 

the device fabrication process and patterning approaches developed at IEC, which will 

be more detailed described in chapter 4. 
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Figure 3.5 General photolithography process flow. 

 

3.1.5 Custom-Built Sulfurization / Selenization System 

At IEC there is a custom-built sulfurization / selenization system, as shown in 

Figure 3.6. Also, Figure 3.7 presents a simplified schematic of the reactor with the 

major components labeled.  
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Figure 3.6 The custom-built sulfurization / selenization system at IEC, with the 
heating jacket for heating up the reactor. 
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Figure 3.7 Schematic of the reactor with the major components labeled. 

 

The full system incorporates two tube reactors: SR1 is a 5 cm inner - diameter 

(ID) quartz tube with a heating jacket for temperature control, shown in Figure 3.6. 

SR2 is a 15 cm ID quartz tube semi-permanently mounted in a tube furnace. The two 

tubes cannot be operated simultaneously, but the same reactions may be performed in 

either. SR1 is typically used to react one, two, or three square samples with sides 2.5 
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cm long, while SR2 can accommodate a 10 cm square sample, or a grid of 16 of the 

2.5 cm size.  

The heating jacket with SR1 has temperature capability up to 700ºC, and a 

maximum temperature ramping speed of 40ºC / min. The gas flow rate is quite low 

and therefore making considerable amount of convection inside the tube, as evidenced 

by the condensation of elemental selenium on the inside wall of the tube. Ar and H2S 

gases are supplied in pure form. The purity of Ar is 6N level, and the impurity level of 

H2S will be discussed in more details in chapter 6. H2Se is diluted and stored as 14% 

H2Se in Ar. The O2 / Ar source shown in Figure 3.7 is used in CIGSSe production, 

where a small amount of oxygen presenting during the reaction has been found to 

surface characteristics, specifically to prevent “islanding” of indium during the heat 

ramping.  

In this dissertation, the SR1 system was used for c-Si surface and / or bulk 

passivation in H2S. The bare Si wafer had final cleaning step in HF (10%, 1 min) dip 

forming H-terminated surface, and then got transferred to the reactor immediately. The 

turbo pump in the system has capability to pump down the system to 1E-6 torr within 

10 min, to make sure the H-terminated c-Si surface can be preserved in the reactor. 

The reaction gases started to flow into the reactor after the vacuum level reaches 

below 1E-6 torr. The flow reaction proceeded at one atmosphere. The static reaction, 

also called “charge and react” was processed at the pressure slightly lower than one 

atmosphere. The reaction gas was initially charged to about 520 Torr at room 

temperature. And then all the valves were closed to make the reactor tube in an 

isolated environment. The scrubber pump was turned on due to safety concern. In the 

isolated environment, the pressure may increase to about 650 Torr after the system 
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temperature reached the target temperature 550ºC ~ 650ºC. After the reaction 

completed, heating jacket was turned off and the cooling down process may take ~ 20 

min from reaction temperature to 250ºC. The reactor can be pressurized by Ar to 

slightly higher than one atmosphere, and then the gas flow formed immediately when 

the valves were opened.  

 

3.1.6 Electron Beam Metallization  

The IBC-SHJ solar cells studied in this dissertation (chapter 4) had metal 

contact formed by electron beam evaporation. All the metal contacts on the IBC-SHJ 

solar cells were directly deposited on the photoresist films. The metal films have the 

tendency to break at the edges of the photoresist so that when the photoresist is 

dissolved during the lift off process, the metal films on top of the photoresist can be 

easily removed.  
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Figure 3.8 Schematic of electron beam evaporation system. 

 

In the electron beam evaporation system, the chamber pressure is maintained at 

high vacuum level of 1E-5 Torr pumped down through diffusion pump. The target 

metal materials are placed in the crucible that are cooled down by flowing water. The 

high flux of electron beam is emitted from electron gun, and then accelerated to high 

kinetic energy and focused into the crucible by a magnetic system, as seen in Figure 

3.8. When the electrons strike the crucible, most of their kinetic energy would be 

released and converted to thermal energy, causing a very high temperature on the 

surface. When the vacuum level is sufficient high and the temperature of the crucible 

region is high enough, the metal inside the crucible will be melted, vaporized, and then 

deposited on the substrate surface to form the metal film. A shutter is placed above the 
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crucible and is kept at close position before the deposition starts. The metal deposition 

rates are tunable in the range of 2 – 4 nm /sec by controlling the electron beam energy.   

 

3.2 Material Characterization 

Material characterizations introduced in this section include X-ray 

photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), 

and photoluminescence imaging (PL imaging). XPS was used to study the surface 

bonding states and compositions of mono c-Si surface after passivation in H2S 

reaction. Core level electron of the element hydrogen cannot be evaluated by XPS, 

therefore FTIR was used to evaluate if there was any Si-HX bond on the passivated c-

Si surface after reaction in H2S. For mc-Si wafer passivation in H2S reaction, the 

contrast of PL imaging was used to investigate the uniformity of bulk passivation and 

the distribution of defect.  

 

3.2.1 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a technique used to analyze the 

surface chemistry of a sample by collecting its core level electrons and analyzing 

through the binding energy of those core level electrons. XPS can measure the surface 

elemental composition, empirical formula, chemical state, and electronic state of the 

elements within a material. XPS spectra are obtained by irradiating a solid surface 

with a beam of X-rays while simultaneously measuring the kinetic energy and core 

level electrons that are emitted from the top 1 – 10 nm of the material being analyzed. 

The actual sampling depth varies among different analyzing materials. A 
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photoelectron spectrum is recorded by counting ejected electrons over a range of 

electron kinetic energies. Peaks appear in the spectrum from atoms emitting electrons 

of a particular characteristic energy, which is primarily presented as binding energy to 

identify elements. In other words, the binding energy of photoelectrons at core-level 

orbitals of each element is unique, allowing the identification of element and its 

chemical states, based on values found in such as the NIST X-ray photoelectron 

spectroscopy database. By measuring the kinetic energy of the emitted electrons, it is 

possible to determine which elements are near the analyzed material’s surface, their 

chemical states and the binding energy or the electron. The binding energy depends 

upon a number of factors, including the following:  

1) The element from which the electron is emitted 

2) The orbital from which the electron is ejected 

3) The chemical environment of the atom from which the electron was 

emitted 

Figure 3.9 is the illustration of XPS from Thermal Scientific K Alpha and 

shows its working mechanism.  
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Figure 3.9 The internal geometry of the analytical components in Thermo Scientific 
K-Alpha [127]. 

 

In the XPS instruments, X-rays are generated by bombarding a metallic anode 

with high energy electrons. The energy of emitted X-rays depends on the anode 

material and beam intensity depends on the electron current striking the anode and its 

energy. Early XPS instruments were fitted with non-monochromatic X-ray sources 

because the sensitivity of the early instruments was low. Sensitivity and 

monochromator design now have improved, and most XPS instruments include 

monochromators as standard equipment and non-monochromatic sources are optional. 

The standard X-ray source is supplied with aluminum (Al) and magnesium (Mg) 
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Figure 1 shows the complete instrument, there is no
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spectrometer. A PC running Windows® XP, connected to
K-Alpha via a single USB cable, controls all aspects of the
instrument. Figure 2 shows the way in which some of the
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Figure 2: Some of the component parts of K-Alpha
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performance; their arrangement can be seen in Figure 3.
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anodes. Table 3.1 shows the energy and line width of available anode materials to 

produce X-rays.  

 

Table 3.1 The energy and line widths of available anode materials [128]. 

Anode Radiation Photo Energy (eV) Line Width (eV) 
Mg Kα 1253.6 0.7 
Al Kα 1486.6 0.85 
Zr Lα 2042.4 1.6 
Ag Lα 2984.3 2.6 
Ti Kα 4510.9 2.0 
Cr Kα 5417 2.1 

 

 

The XPS instrument used in this dissertation is from Thermo Scientific, with 

the model name K alpha. The X-ray source is monochromatic, emitted by the anode 

Al K alpha with its energy 1486.6 eV and line width 0.85 eV. For the monochromators 

fitted to Thermo Scientific XPS instruments, the radius of curvature is different in 

each direction, allowing the X-rays to be focused and monochromated, as seen in 

Figure 3.10.  
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Figure 3.10 Schematic of the focusing X-ray monochromator used on Thermo 
Scientific XPS Instruments [127]. 

 

For the photoemission process, when an atom or molecule absorbs an X-ray 

photon, an electron can be ejected. The kinetic energy (KE) of the electron depends 

upon the photon energy of the incoming X-rays (hν) and the binding energy (BE) of 

the electron. Binding energy can be understood as the energy required to remove the 

electron from the surface. The overall photoemission process is presented in Figure 

3.11. For a more accurate calculation, the binding energy of the emitted photoelectrons 

can be calculated as BE = hν – KE - ϕs, where ϕs is the work function of the 

spectrometer. Figure 3.12 provides a more detailed explanation of how the 

spectrometer work function being correlated to the binding energy calculation. 
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Figure 3.11 The photoemission process involved for XPS surface analysis. The discs 
represent electrons and the bars represent energy levels within the 
material being analyzed. The equation governing the process is: KE = hν 
– BE [129]. 
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Figure 3.12 The binding energy reference [129] 

 

The software CasaXPS was used for XPS data analysis [130]. Peaks in 

photoelectron spectra were fit by a Shirley background and a pseudo-Voigt Gaussian / 

Lorentzian product function, with peak separation and areas constrained by relevant 

spin orbital splitting. Element composition was calculated based on the peak area and 

the relative sensitivity factor of each element. The relative sensitivity factor can be 

affected by the instrument configuration, analyzer transmission function, and also 

depends upon different element and different chemical state. Overall, the relative 

sensitivity factor is used to correct (normalize) the actual amount of photoelectron 
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being collected by the detector. The efficiency of the photoelectron being emitted by 

the X-ray and the efficiency of photoelectron being collected by the detector are both 

different between different elements and different states. Therefore, each 

photoelectron has their own “characteristic” relative sensitivity factor. There are 

multiple libraries of relative sensitivity factor and the one used in this dissertation is 

most likely empirical, and is based on the Scottfield library, with the magic angle ~ 

54.7º for the X-ray incident angle.  

To calculate the atomic percentage of each element on the surface, which is 

also commonly defined as the concentration of each element, the total amount of the 

photoelectrons are considered as 100%. For example, if there are three elements being 

defined from the survey spectrum, then, three fine scans (high resolution scans) for 

these three elements are processed. The photoelectron number of each element with 

their characteristic electronic state can therefore be defined by the peak area corrected 

with relative sensitivity factor. The total number of photoelectron is considered as 

100%, and atomic percentage of each element is defined by the portion of the each of 

their photoelectron number.  

 

3.2.2 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is a technique used to identify the chemical bonding states through their 

molecule bond vibration modes after absorbing specific IR frequencies that are 

characteristic of their structure. These absorptions are resonant frequencies, which 

means the frequency of the absorbed radiation matches the transition energy of the 

chemical bond that vibrates. The energies are determined by the shape of the molecule 
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potential energy surfaces, the associated vibration coupling, and the masses of the 

atoms. Therefore, each of the absorbed frequency is the characteristic of a particular 

bond vibration mode and a particular bond type. The resulting spectrum represents the 

molecular absorption and transmission, creating a molecular fingerprint of the sample. 

Just like a fingerprint, no two unique molecular structures produce the same infrared 

spectrum. This makes the infrared spectroscopy useful for several types of analysis. 

The overall idea of how FTIR works can be understood in Figure 3.13. Hence, the 

information can be provided by FTIR includes: 1) Identify unknown materials; 2) 

Determine the quality or consistency of a sample; 3) Determine the amount of 

components in a mixture.  
  

 

Figure 3.13 The characteristic frequencies in IR match the molecule absorption 
energies and being absorbed with the molecule vibration, providing the 
resulting spectrum represents the molecule absorption and transmission, 
creating a molecule fingerprint of the sample. 
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The most important characteristic needs to be addressed in FTIR introduction 

is the employment of a very simple optical device called “interferometer”, used to 

accelerate the slow scanning process by measuring all of the infrared frequencies 

simultaneously rather than individually. The interferometer produces a unique type of 

signal which has all of the infrared frequencies “encoded” into it. The signal can be 

measured in a very short time, typically on the order of seconds.  

As seen in Figure 3.14, most interferometers employ a beam splitter, which 

takes the incoming infrared beam and divides it into two optical beams. One beam 

reflects off of a flat mirror, which is fixed in place. Another beam reflects off a 

moving mirror and also reflected back to the beam splitter. The two beams then 

refocus at the beam splitter and then pass towards the sample. Beam transmits through 

the sample and being collected by the detector. Because the path that one beam travels 

is a fixed length and the other is constantly changing as its mirrors moves, the signal 

exiting the interferometer is the result of these two beams “interfering” with each 

other. The resulting signal is called an interferogram, which has the unique property of 

every data point. Each data point is a function of the moving mirror position. A set of 

data points make up the signal, including the information of every infrared frequency 

that comes from the source.   
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Figure 3.14 A simple spectrometer layout provided by Thermo Nicolet Corporation 
[131]. 

 

Why do we need Fourier transformation in the analysis? Because the 

measurement result is a frequency spectrum, which is a plot of the intensity at each 

6
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individual frequency, and the measured interferogram signal cannot be interpreted 

directly. A method of “decoding” the individual frequencies is required. This can be 

completed through a well-known mathematical technique called the “Fourier 

transformation”. This transformation is processed by the computer. The whole 

analysis process includes:  

1) The source: Infrared light is emitted from a glowing black-body 

source. The beam passes through an aperture, controlling the amount 

of energy presented to the sample.  

2) The interferometer: The beam enters the sample compartment, where 

it is transmitted through or reflected off of the surface of the sample, 

depending on the type (transmission or reflection) of analysis being 

accomplished. This is where the specific frequencies of the light 

source, which can be understood as the uniquely characteristic of the 

sample, are absorbed. 

3) The detector: The beam finally passes through the detector for the 

final measurement. The detectors used here are specially designed 

for the measurement of the special interferogram signal. 

4) The computer: The measured signal is digitized and sent to the 

computer where the Fourier transformation takes place. The final 

result (infrared spectrum) is then presented to the user.  

 

The instrument FTIR is used to identify whether there is any Si-HX bond on the 

c-Si surface contributing to surface passivation after reaction in H2S. The sample 

chamber needs to be purged for a while before the measurement, and also for the 
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whole measurement process to make sure the absorption peak from CO2(g) and H2O(g) 

can be avoided. The background spectrum needs to be measured because a relative 

scale for the absorption intensity is required. In this work, we used a bare polish wafer 

with H-terminated surface by HF dip for the background measurement. This technique 

results in a spectrum with all of the instrumental characteristics removed. Therefore, 

all the spectral features presented in the data are strictly from the sample. A single 

background measurement can be used for multiple sample measurements since this 

spectrum is characteristic of the instrument itself.  

 

3.2.3 Photoluminescence Image 

The emission of photoluminescence (PL) radiation is caused by the transition 

of electrons from higher occupied electronic states into lower unoccupied states, under 

the emission of photons if the transition is dipole-allowed. PL imaging was used to 

evaluate the c-Si wafer bulk passivation effect and defect uniformity after reaction 

with H2S in this dissertation, and how it corresponded to the τeff. The laser beam used 

to produce the PL image has wavelength 690 nm, with its diameter 1 mm. An 

expander for the laser beam with its magnitude 20X was used in the measurement. 

When the laser light is applied on the mc-Si wafer, the electron-hole pairs generated 

by the photons recombine, causing PL emission. This PL emission is then detected by 

a SiGe detector, and a spatial map of the solar cell overall performance and 

recombination regions can be captured. The characterization of PL imaging shown in 

chapter 7 was assisted by Nuha Ahmed at IEC. 

Unlike the electroluminescence (EL) imaging, which relies on the detection of 

relatively bright signals and can only be employed at the final stage of solar cell 
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manufacturing since metal contact is required for EL characterization, low-signal PL 

imaging can be implemented throughout the entire manufacturing process. PL imaging 

has great potential as an in-line monitoring tool. The ability to utilize this highly 

sensitive imaging technique during the early stages of the manufacturing process has 

significant ramifications, as PL images of ingots, bricks, and as-cut wafers can be 

predictive of final solar cell efficiency. 

 

3.3 Optical and Electrical Characterization 

The main optical characterization used in this dissertation is variable angle 

spectroscopic ellipsometry. Ellipsometry uses polarized light to characterize thin film 

and bulk materials. The light undergoes a change in polarization as it interacts with the 

sample structure. The material properties of interest are determined by analyzing the 

polarization change, expressed by two measurement data, amplitude ratio, psi, and 

phase difference, delta. The electrical measurements in this dissertation includes τeff by 

monitoring of photoconductance decay mainly to evaluate surface passivation quality, 

current-voltage measurement to determine solar cell performance, quantum efficiency 

to analyze the efficiency of carriers being collected by the photon illuminated on the 

solar cell, and laser beam induced current imaging to investigate the degree of 

uniformity through the spacial mapping of photocurrent. Among all these electrical 

characterizations, τeff measurement is a contactless and non-destructive measurement, 

which can be used to monitor the wafer surface/bulk change during the device 

fabrication. Rest of the measurements, current-voltage, quantum efficiency, and laser 

beam induced current, all require complete device for the measurement and study.  
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3.3.1 Variable Angle Spectroscopic Ellipsometry (VASE) 

Ellipsometry measures a change in polarization as light reflects or transmits 

from a material structure. The polarization change is represented as an amplitude ratio 

psi, Ψ, and the phase difference delta, Δ. The measured polarization change is 

determined by the optical properties and thickness of individual materials. Hence, 

ellipsometry is primarily used to determine the film thickness and its optical constants 

such as n & k, with the advantage of non-destructive, sensitive and precise. It can also 

be applied to characterize composition, crystallinity, roughness doping concentration, 

and other material properties related to a change in optical response.  

Spectroscopic ellipsometry (SE) uses a broad band light source, covering a 

certain spectral range in the infrared, visible, or ultraviolet spectral region. With SE, 

the complex optical constants in the corresponding region can be obtained. Moreover, 

the accuracy of the ellipsometry result has been further improved with the use of 

variable angle, and this is exactly what being used in this dissertation, VASE. The 

combination of variable angle of incidence and spectroscopic measurements allows 

the user to acquire large amounts of data from a given sample. More importantly, the 

spectral acquisition range and the incident angle required may be optimized according 

to the sample material and other parameters, such as film thickness.  
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Figure 3.15 The configuration of variable angle spectroscopic ellipsometor [132]. 

 

 

Figure 3.16 The linear polarized electromagnetic radiation emits and gets reflected by 
the sample, forming reflected elliptically polarized light, which includes 
the information (thickness, refractive index…etc.) of the characterized 
sample [133]. 
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Figure 3.15 is the configuration of an variable angle spectroscopic ellipsometor 

[132]. The input light source is linearly polarized. The polarization is defined as the 

orientation p- and s- planes, as seen is Figure 3.16 [133], where the s component is 

oscillating perpendicular to the plane of incident and parallel to the sample surface, 

and the p component is oscillating parallel to the plane of incident. Before reaching the 

surface, the light passes through an optional compensator. This compensator is also 

called retarder, patented by J. A. Wollam, can convert linearly polarized light to 

circularly polarized light by introducing the phase delay between p-wave and s-wave 

due to the optical anisotropy of compensator. The combination of rotatable 

compensator and polarizer can convert and unpolarized light into any elliptical 

polarization. After being reflected from the sample, the light passes another 

compensator and a second polarizer, called analyzer, before reaching the detector.  

As mentioned earlier, the VASE characterization replies on the change of the 

polarization between the radiation before and after being reflected by the sample, as 

shown in Figure 3.16. The polarization change is represented as an amplitude ratio, psi 

(Ψ), and the phase difference, delta (Δ). A more direct parameter ρ, defined as the 

complex reflectance ratio of the system, which can be parameterized by the amplitude 

Ψ and the phase difference Δ. As seen in Figure 3.16, both the incident light and the 

reflected light can be decomposed into s- and p- directions, respectively. The s- and p- 

component of reflected beam can be normalized to the initial value (s- and p- 

component of incident beam) and denoted by γs and γp, which can be presented by the 

equation 3.3: 

 

ρ =
γ p
γ s
= tan(Ψ)eiΔ          (3.3) 
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Equation 3.3 indicates that ellipsometry is measuring the ratio of these two 

quantities, rather than the absolute values of either of them. This makes the 

ellipsometry characterization more accurate and reproducible. This also makes the 

measurement less sensitive to light scattering or fluctuations, and hence there is no 

need any reference sample or reference beam for the measurement.  

The general procedure of ellipsometry experiments is shown in Figure 3.17 

[133]. Normally the measurement provides only an indirect result, where the film 

thickness, optical constants, or other desired information of the sample require further 

modeling and fitting.  
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Figure 3.17 General procedure used in optical measurement, which is also the standard 
procedure in ellipsometry measurements to determine the material 
properties from experimental data [133]. 

With acquired Ψ and Δ from the measurement, a model needs to be 

constructed to predict the desired parameters of the film, which contains some known 

parameters, such as the wavelength of the incident light, the incident beam 

polarization state, and the angle of the incident beam. After a model is developed, the 

unknown physical parameters can be varied to generate multiple sets of data until a set 

of optimized parameters is found that closely matches the measured optical data. 

Regression analysis is used since no exact equation can be written. Mean squared error 

(MSE) is used to quantify the difference between calculated curve and measured 
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Accuracy and precision of SE experiments 
Ellipsometry is very precise, 
but its accuracy is difficult to 
determine. 

 Ellipsometric measurements are, by nature, very precise.  Also, if the model 
used to fit the ellipsometric data is unique (i.e. does not contain any strongly 
correlated parameters), the results of the modeling of the ellipsometric data will be 
very precise as well, meaning that many measurements of the same quantity (a layer 
thickness, for example) will yield the same result to a very high degree of precision. 

 It is almost impossible to specify the accuracy of an ellipsometer to the 
level of its precision.  To do so would require another measurement technique with 
accuracy comparable to the extreme (sub-monolayer) precision of the ellipsometer.  
We can only hope that by making the ellipsometer and model as accurate as possible 
the results will be accurate as well.  We constantly check our results against any 
technique that can provide similar information on samples, and routinely find very 
good agreement with other legitimate metrology techniques.  In all cases, when a 
questionable result is obtained from ellipsometric modeling, it is advisable to 
corroborate the ellipsometric results with data from other experiments such as 
Rutherford back-scattering, transmission electron microscopy, and atomic force 
microscopy. 

2.3 General procedure for optical experiments 
 All optical experiments follow the same general procedure as outlined in 
this section.  Optical experiments never directly measure the sample parameters of 
interest (thicknesses, optical constants, etc.); rather they measure some quantity that 
is a function of the parameters of interest.  It is then necessary to solve the inverse 
problem of modeling the measured data to estimate the values of the sample 
parameters that yield data predicted from the model which best match the measured 
data.  This procedure may be divided into the following four steps, as illustrated in 
Figure 2.1 below. 
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Figure 2.1.  Basic procedure used in ellipsometry measurements to determine material 
properties from experimental data. 
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curve. When this optimized set of parameters are unique, physically reasonable and 

not strongly correlated, the result can be considered as the best-fit model, representing 

the physical reality of the sample, with MSE typically less than 6.  

Film thickness and the optical constants, n & k, determined from the VASE 

measurement, were used to evaluate the passivation layer on top of c-Si surface by 

reaction in H2S. An increasing separation between the surface reflected light and the 

light traveling through the film is shown in Figure 3.18 [133], which is caused by an 

increasing film thickness. This will make a phase delay, which relates not only to the 

physical thickness but also to the refraction index. In another word, estimated 

thickness is not independent of the optical constants. The film thickness affects the 

path length of light traveling through the film, but the index determines the light 

waves’ velocity and refracted angle. Therefore, both the film thickness and optical 

constants contribute to the delay between surface reflection and light traveling through 

the film.  

 



 72 

 

Figure 3.18 The phase delay between the reflected beam and the beam traveling 
through the film can be caused by both the film thickness and the 
refractive index [133]. 

 

The film thickness is determined by interference between the light reflected 

from the surface and the light traveling through the film. Depending on the relative 

phase of the rejoining light to the surface reflection, interference can be defined as 

constructive or destructive. The interference involves both amplitude and phase 

information. The phase information from Δ is very sensitive to films down to sub-

monolayer thickness. Take SiO2 as an example, Figure 3.19 shows the Ψ curve for a 

series of thin SiO2 films of different thicknesses. As the thickness (T) increases, the 

interference oscillations shift toward longer wavelengths.  



 73 

 

Figure 3.19 The Ψ curve for a series of SiO2 films of different thicknesses [133]. 

 

Moreover, thickness measurements also require a portion of the light travel 

through the entire film and then return to the surface, therefore thickness 

measurements by optical instruments is limited to thin, semi-opaque layers. This 

limitation can be circumvented by targeting measurements to a spectral with lower 

absorption. For example, organic film may strongly absorb UV and IR light, but be 

able to remain transparent at mid-visible wavelengths. For metals, the maximum 

thickness can be determined by ellipsometry is typically about 100 nm because metal 

strongly absorbs at all wavelength. Overall, different materials have their own suitable 

wavelength range for the characterization depending on their optical properties.  

In addition to the thickness information, the shape of the data oscillation is 

dependent on the film optical constants because the index determines the light wave’s 
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velocity and refracted angle. Optical constants including both n and k values must be 

known or determined along with the thickness to obtain the correct results from the 

optical measurement. For both the film thickness and optical constants, an iterative 

procedure using least-squares minimization can be applied to extract thickness and/or 

optical constants with the best matching of Ψ and Δ to the experimental data. All 

ellipsometric measurements in this dissertation were performed with VASE from J. A. 

Woollam Corp. and the data was processed in the software CompleteEase. Figure 3.20 

is the schematic of VASE system with their patented AutoRetarder from J. A. 

Woollam. 

 

Figure 3.20 Variable angle spectroscopic ellipsometor (VASE) with AutoRetarder 
from J. A. Woollam [133]. 
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to allow transmission as well as reflection ellipsometry to be performed. The VASE 

uses a rotating analyzer and a fixed angle input polarizer. The advantage of this 

configuration, comparing to a rotating polarizer setup, is that the monochromator 

beam does not need to be perfectly unpolarized. In our study, VASE is used to 

investigate the oxidization of Al layer in AIC study, and the layered thin film 

structures on c-Si wafer for SHJ and IBC-SHJ solar cells. 

 

Figure 2.15 Variable Angle Spectroscopic Ellipsometer with AutoRetarder from 
J. A. Woollam [42]. 

2.3.2 Ultraviolet - Visible Spectroscopy 

UV-Vis spectroscopy [38] measures the transmittance and reflectance by a 

substance when radiating it by the light with different wavelengths, which covers the 

visible, adjacent near ultraviolet and near infrared ranges. 

The basic parts of a spectrophotometer (Figure 2.16) [43] are a light source 

(often an incandescent bulb for the visible wavelengths, or a deuterium arc lamp in the 
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3.3.2 Effective Minority Carrier Lifetime Measurement 

Effective minority carrier lifetime (τeff) is commonly used in c-Si solar cell 

fabrication to monitor of how long a carrier is likely to stay around before 

recombination. The measured parameter, τeff, which is the net result of summing up all 

the recombination losses that occurs in the different regions of a c-Si wafer or a solar 

cell, and it can be decomposed to bulk lifetime (τb) and surface lifetime (τs) as seen in 

Equation 3.4: 

 
1
τ eff

=
1
τb
+
1
τ s

      (3.4) 

 

From Equation 3.4 τeff is commonly used to evaluate the whole passivation 

level and predict and the solar cell performance, especially for surface passivation 

quality when the wafer bulk quality is excellent and the term of bulk lifetime is 

negligible.  

The τeff in this work is measured by Sinton lifetime tester WCD-100, using the 

method of photoconductance decay, which measures the time dependent of 

photoconductance decay resulting from light pulse [134]. The WCD-100 is shown in 

Figure 3.21. When the sample is under illumination, the photoconductance will change 

as the result of excess carrier density, Δn, and the photoconductance decay is 

essentially the excess carrier decay inside the sample after pulse light illumination. τeff 

can be calculated at each individual excess carrier density with known photogenerated 

carrier density. The change of photoconductance for a wafer of thickness W is given 

by: 

 



 76 

Δσ L = qW (µn +µ p )Δn      (3.5) 

 

Where µn and µp are electron and hole mobilities respectively, and the 

photoconductance ΔσL can be measured in a contactless fashion by using an inductor.  

 

Figure 3.21 The completed system should look like this. The calibration wafer covers 
the sensor coil but cannot cover the small blue light sensor (standard 
solar cell).   

Check list 
Before you start taking measurements ensure that you have done the following. 

• Connect the cables from the instrument to the connector box. (the connector box, 
a small beige box, replaces the scope shown below for an earlier version of the 
system. 

• Connected the cable from the connector box to the computer 
• Plugged all the instruments in and turned them on 
• Set the flash power supply mode to 200 
• Set the mode to Man4 and 1/1 
• Set option on flash head to 400 Ws 

 

 
The completed system should look something like this. Note the wafer completely covers 
the sensor coil but does not cover the small blue light sensor.   
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There are two types of measurement being studied in this dissertation, quasi-

steady-state photoconductance (QSSPC) method [135] and transient mode [136]. 

These two measurements of lifetime both follow the generalized data analysis 

proposed in Equation 3.6 [137].  

 

τ eff =
Δn(t)

G(t)− dn(t)
dt

     (3.6) 

 

In QSSPC, the sample is flashed with the light, and then the decay of the light 

and the photoconductance are monitored during the flash. Data is acquired throughout 

a flash pulse from maximum intensity as it decays to zero. In more detail, the light 

intensity versus time is determined during a long, exponentially decaying light pulse. 

Then, the sample sheet conductivity versus time is measured and the conductivity is 

converted to carrier density. The τeff is then evaluated from the carrier density through 

the equation below:  

 

τ eff =
Δn(t)
G(t)

     (3.7) 

 

where G(t) is the generation rate, which is measured using a photo-detector, a 

calibrated solar cell installed in the WCT-100. QSSPC mode works off the assumption 

that the lifetime of the flash is much greater than the lifetime of the sample, which 

means that the intensity of the flash changes sufficiently slowly so that the carrier 

populations in the sample are always at steady state. Thus, Equation 3.6 can be 
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simplified to Equation 3.7. With this assumption, the sample lifetime should be less 

than 200 µs. For samples with lifetimes greater than 200 µs, there will be error 

introduced into the measurement if measured in QSSPC mode making the assumption  

invalid.  

In the transient mode, the sample is illuminated and then the photoconductance 

decay is monitored once the flash is cut off and no light used in the analysis. Thus, the 

equation presented transient mode can be simplified from Equation 3.6 QSSPC mode, 

as shown Equation 3.8 below: 

 

τ eff =
Δn(t)

−
dn(t)
dt

= −
t

ln(Δn)
     (3.8) 

 

For the transient mode, the change of wafer conductivity overtime is measured 

after the light being flashed on the sample and cut off, and the wafer conductivity is 

then converted to excess carrier density. The τeff of each carrier density (injection 

level) can be determined through the derivative of the excess carrier density. The pulse 

of the light is only to excite the carriers and is off during the carrier density monitoring 

and measurement, therefore the term G(t) becomes zero. Based on the assumption in 

transient mode that the lifetime of the sample is greater than the lifetime of the flash,  

requiring the sample’s τeff to be greater than 100 µsec for this mode since the cutoff 

time of the flash bulk is about 50 µsec.  
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Figure 3.22 The screen shot of QSSPC mode τeff measurement by Sinton Lifetime 
Tester WCT-100. The upper left plot: The decay overtime of illumination 
at reference cell and photoconductance signal. The upper right plot: 
Inverse lifetime after Auger correction at different carrier density 
(injection level). The lower left plot: Implied Voc calculated from 
lifetime measurement. The lower right plot: minority carrier lifetime 
without Auger correction at different carrier density (injection level). In 
this measurement, the τeff (highlighted in red box), saturate current 
density (highlighted in blue box), and implied Voc at 1-sun intensity 
(highlighted in green box) can be calculated from the photoconductance 
decay.  

 

Surface recombination velocity (SRV), which can be more directly and 

intuitively describe the quality of surface passivation, can be calculated from τeff. SRV 

is in the unit of cm/sec, and can be understood as the speed of carriers move towards 

the surface. If a surface has no recombination site, the movement of carriers towards 
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wafer thickness less than 1 mm; Transient photoconductance mode measures the 

lifetime much longer than the cut-off time of pulsed light and can be used on much 

thicker samples. The picture of Sinton WCT-100  instruments is shown in Figure 3-18.  

Measured effective monirity carrier lifetime is a function of excess carrier density. 

However, most reported effective monirotiy carrier lifetime value is taken at 1015 cm-3 

as shown a typical lifetime measurement data in Figure 3-18.  

 

Figure 3-18 The screen shot of effective carrier lifetime measurement under 
QSS mode template. In this excess template, four plots exist: 1) illumination 
at reference cell and photoconductance signal, 2) Inverse lifetime (Auger 
corrected) vs. carrier density, 3) implied Voc at 1 sun, 4) minority-carrier 
lifetime (no Auger correction) vs. carrier density. For this measurement, 
the effective minority carrier life (highlighted in red box), saturate current 
density (highlighted in blue box), and implied Voc at 1 sun (highlighted in 
green box) can be calculated from photoconductance decay.  
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the surface is zero, and therefore the SRV is zero. The τeff can be presented as a 

combination of τb and τs, as previously describe in Equation 3.5. In the solar cell 

manufacturing, the absorber, c-Si wafer, usually has high τb of several milliseconds. 

Hence, the bulk lifetime term in Equation 3.5 can be neglected and the Equation 3.5 

can be simplified as 1 / τeff ~ 1 / τs. To correlate the measured τeff to SRV, Equation 3.9 

to Equation 3.13 are a series of approximate solutions for several different cases, with 

the definition of S1 and S2 as seen in Figure 3.23 [138].  

 

 

Figure 3.23 A schematic of a c-Si wafer with its front and back surface recombination 
velocity, S1 and S2 respectively. 

 

The surface are identical, so S = S1 = S2. 

 

τ s =
W
2S

+
1
D
W
π

⎛

⎝
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⎠
⎟

2

      (3.9) 
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One surface is perfectly passivated, so S2 = 0 

 

τ s =
W
S1
+
4
D
W
π

⎛

⎝
⎜

⎞

⎠
⎟

2

     (3.10) 

 

Both surfaces are perfectly passivated, so S1 = S2 = 0 

 

τ s =∞      (3.11) 

 

Both surfaces have high recombination, so S1 and S2 are both high 

 

τ s =
1
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π
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     (3.12) 

 

One surface has a high recombination and the other has a low recombination, 

so S1 = 0 and S2 = ∞ 

 

τ s =
4
D
W
π
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2

     (3.13) 

 



 82 

3.3.3 Current-Voltage Analysis 

Current-Voltage analysis is used to evaluate solar cell performance, typically 

referred to J-V measurement and Figure 3.24 shows the schematic setup of a J-V 

tester. An artificial light source simulating the sunlight spectrum illuminates the solar 

cell. The current between the probes is recorded as a function of the applied voltage. 

During the measurement, the solar cell is cooled with a fan or water, and the 

temperature of the solar cell is monitored with the thermometer.  

 

 

Figure 3.24 The schematic setup for current (density) – voltage measurement.  

 

A standard solar cell tester should satisfy the following conditions: 1) Air mass 

1.5 spectrum (AM1.5) for terrestrial cells and Air mass 0 spectrum (AM0) for space 

cells (Please refer to Appendix A for the definition and details of AM1.5 and AM0); 

2) Intensity of 100 mW/cm2 or 1kW/m2, which is one-sun of illumination; 3) Cell 
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temperature at 25ºC; 4) Four point probe to remove the effect of contact resistance 

between the probe and the device.  

 

 

Figure 3.25 Example of a J-V curve and the characteristic parameters calculated from 
it: VOC, JSC, FF, and efficiency η. 

 

From the J-V measurement, some basic parameters can be extracted that 

characterize the solar cell performance [34]. Figure 3.25 is an example of a J-V curve 

and the characteristic parameters from it, including short circuit current density (JSC), 

open circuit voltage (VOC), fill factor (FF), and efficiency (η).  

Jsc	

Voc	Vmpp	

Pmax	

J-V Curve 

Voltage	(V)	

Cu
rr
en

t	D
en

si
ty
	(m

A/
cm

2 )
	

Jmpp	

FF =
Pmax
VOCJSC

η =
VOCJSCFF

Pin



 84 

The JSC is the current density through the solar cell when the voltage across the 

solar cell is zero, which is due to the generation and collection of light-generated 

carriers. For an ideal solar cell, the JSC and the light-generated current density (JL) are 

identical. Hence, the JSC is the largest current density which may be drawn from the 

solar cell. JSC can be affected by the number of photons, the spectrum of the incident 

light, the optical properties, and the collection probability. The collection probability 

describes the probability that a light-generated carrier absorbed in a certain region of 

the solar cell will be collected by its p-n junction before they recombine and therefore 

contribute to the light-generated current.  

The VOC is the maximum voltage in a solar cell, occurring at zero current. 

Equation 3.14 for VOC is found by setting the net current equal to zero:  

 

VOC =
nkT
q
ln
J L
J0
+1

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟          (3.14) 

 

Equation 3.14 shows that VOC depends on the saturation current density (J0) of 

the solar cell and the JL. Since JL typically has a small variation, the key effect on VOC 

is the J0, which may vary by orders of magnitude for different solar cells depending on 

the recombination in the solar cell. Therefore, VOC can be considered as a measure of 

the amount of recombination in the device.  

JSC and VOC can be obtained directly from the J-V measurement. The power 

output of a solar cell for any operating point can be expressed as the rectangle area in 

the J-V curve, as the green area indicated in Figure 3.25. There exists one particular 

operating point Pmax at (Vmpp, Jmpp), maximizing the power output. The FF is a 

parameter related to the maximum power from a solar cell. It is a measurement of the 
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“squareness” of the J-V curve, and is defined as the ratio of maximum power density 

Pmax to the product of JSC*VOC, as the equation shown below:  

 

 FF = Pmax
JSC ×VOC

=
Jmpp ×Vmpp
JSC ×VOC

    (3.15) 

 

The most important and commonly used parameter to compare the 

performance of solar cells, device conversion efficiency (η), determined as the fraction 

of incident power (Plight) which is converted to electricity output (Pmax), as seen in 

Equation 3.16 below: 

 

η =
Pmax
Plight

=
FF × JSC ×VOC

Plight
     (3.16) 

 

In addition to reflecting the performance of the solar cell itself, the efficiency 

depends on the spectrum and intensity of the incident sunlight and the temperature of 

the solar cell as well. Hence, conditions under which efficiency is measured must be 

carefully controlled in order to compare the performance of one solar cell to another. 

Terrestrial solar cells are measured under AM1.5 conditions and at temperature of 

25ºC.  

 

3.3.4 Quantum Efficiency Measurement 

Quantum efficiency (QE) [139]is defined as the ratio of the number of carriers 

being collected by the solar cell to the incident of photons by a given energy 
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(wavelength) incident on the solar cell. If all the photons of a particular wavelength 

are absorbed and the generated minority carriers are all collected, then the QE at that 

particular wavelength would be defined as one. The ideal QE curve has a rectangular 

shape, because QE for photons with energy below the material bandgap transmit 

through the cell is zero. However, most of the cases are not ideal, not rectangular 

shape. Figure 3.26 shows a typical QE curve, which has various recombination effect 

losses and additional losses such as reflection loss at illuminating side involved.  

 

Figure 3.26 Typical quantum efficiency curve of a c-Si solar cell [138].  

 

Figure 3.26 is a typical QE spectrum of a c-Si solar cell, where the 

measurement range is from 300 nm to 1200 nm, determined by solar spectrum AM 1.5 
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Figure 3-24 Quantum efficiency of a c-Si solar cell. [13] 

Figure 3-24 shows a standard QE spectrum of a c-Si solar cell. The 

measurement range for c-Si solar cell is typically from 350 nm to 1100 nm based on 

both AM 1.5 spectrum and the bandgap of c-Si material. The ideal QE spectrum 

should be a rectangular shape with cutoff energy at the bandgap. But both electrical 

and optical loss at the device causes QE spectrum to shy away from the ideal case. The 

collection loss in the short wavelength region is most likely due to front surface 

recombination and reflection, while the long wavelength loss is caused by the rear 

surface passivation and decreased absorption near bandgap. The overall reduction of 

QE is the results of the optical reflections and the short diffusion length of carriers. 

For a well-behaved device, when QE ilumination spectrum is standard AM 1.5 global 

for terrestrial solar cell, the integration of QE will be in the agreement with short 

circuit current Jsc measured under the same spectrum, such as 
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and the bandgap of c-Si, 1.12 eV [138]. Both electrical loss and optical loss in the 

device make the QE curve varies from the ideal rectangular shape. The collection loss 

in the short wavelength region (blue response region) is most likely due to the front 

surface recombination loss (electrical part) and reflection loss (optical part) along with 

the losses from the front passivation layer and the front emitter. Therefore, QE loss in 

the short wavelength region can be reduced by the optimization of the front surface 

layers for: 1) surface passivation to reduce carrier recombination; 2) anti-reflection to 

maximize the number of photons reaching the absorber; 3) the thickness and bandgap 

of the passivation and emitter to minimize the number of photons being absorbed 

before reaching the c-Si material. QE loss in the long wavelength region (red response 

region) is caused by the back surface recombination and reduced photon absorption 

near c-Si bandgap 1.12 eV where overall reduction of QE is due to the optical 

reflections and the short diffusion lengths of the carriers. For a well-behaved device, 

the integration of QE through Equation 3.16 will be in agreement with short circuit 

current JSC measured under the same spectrum. Φ(λ) is the photon flux at a given 

wavelength under AM 1.5 spectrum.  

 

J ph = q φ(λ)QE(λ)dλ∫       (3.17) 

 

So far all the descriptions about QE are external QE, which has all the optical 

losses in the device being considered. Internal QE, corrects all these optical losses 

such as grid line covering loss, total reflection loss of the device, absorption loss from 

the front passivation layer, front emitter, and anti-reflection coating. Equation 3.18 

expresses the simplified correlation between external QE and internal QE of the cells 
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within the same cell configuration, including absorption loss from the front surface 

layers. This analysis approach is commonly used in the discussion of QE.  

 

IQE(λ) = EQE(λ)
1− RF (λ)

     (3.18) 

 

 

Figure 3.27 Configuration of quantum efficiency measurement [140]. 

 

Figure 3.27 is the schematic of the QE measurement setup, which includes a 

solar simulator to create a stabilized light source, a monochromator, and a chopper. 

The chopper and monochromator are used to make a chopped monochromatic probe 

beam. The current gets generated when the monochromatic light beam refocuses on 

the sample. The generated current signal passes through a pre-amplifier to be 

amplified, and then gets phase-sensitively detected by a lock-in amplifier. The lock-in 
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technique is used in QE measurement is phase-sensitive and therefore has capability to 

detect only the AC signal from the chopped probe beam, where any DC signal from 

the light bias would be rejected. The purpose of having this lock-in technique is to 

separate AC signal from any other DC signal bias, making the measurement even 

more accurate for those small current signals generated by weak chopped 

monochromatic light beam [140].  

 

3.3.5 Laser Beam Induced Current Scanning 

Laser beam induced current (LBIC) is characterized by illuminating a small 

area of the device, and then the resulting photogenerated current is measured. Hence if 

the laser beam is scanned, either line scan or the whole sample mapping, the localized 

defects can be identified. The spatial mapping of photocurrent provides the degree of 

uniformity of the whole device. Here the measurement of LBIC line scan was used to 

study the spatial dependence of current collection and further to evaluate the FF loss in 

two dimensional IBC-SHJ solar cells. Traced back to the 1970’s, LBIC has been 

widely used to analyze the processing techniques and related device performances 

since then [141].  
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Figure 3.28 The LBIC system setup [142]. 

 

The LBIC system setup is shown in Figure 3.28. Normally the incident laser 

light is modulated into a pulse AC signal through a mechanical chopper, hence the 

laser-induced photocurrent can be generated while the sample is under illumination 

with a constant light bias. The laser beam is fixed on the sample surface, which is a 

typical setup as shown in Figure 3.28. During the measurement, the sample stage is 

moving to complete the scan. However, at IEC the design of the beam and stage is 

reversed. We have the sample stage fixed while the beam is free to move to complete 

the scan and mapping across the sample, which increases the range of measuring area 

from hundreds of square microns to over one square meter. Moreover, the LBIC 

system at IEC provides a DC light bias ranging from 0.001 sun to 1 sun, and a DC 

voltage bias from -5 V to +5 V. The LBIC system at IEC uses a laser beam with 633 

nm, approximately 50 µm spot size, and 50 µm step size.  
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photocurrent. The induced photocurrent magnitude is monitored and is used to create 

an image of the solar cell. This tool helps to identify the uniformity through spatial 

mapping of photocurrent.  

 

Figure 3-26 The LBIC system setup [15]. 

The incident laser light is modulated into a pulse (AC) signal through a 

mechanical chopper. The laser induced photocurrent is measured simultaneously while 

it is under illumination from a constant light bias. Therefore the current signal is 

isolated from other noise. In typical LBIC system as shown in Figure 3-26, the laser 

beam is focused on a fixed position on the sample plane. During the measurement, the 

sample stage is moving to achieve mapping. However, the design of beam and stage is 

reversed in LBIC system at IEC. The sample stage is fixed while the beam is free to 

move which increase the measuring area range from hundreds of square microns to 
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THE ROLE OF BACK CONTACT PATTERNING ON STABILITY AND 
PERFORMANCE OF SI IBC HETEROJUNCTION SOLAR CELLS  

 

The contents of this dissertation chapter have been adapted from a manuscript 

published in IEEE 40th Photovoltaic Specialists Conference: U. Das, H.Y. Liu, J. He, 

and S. Hegedus, “The Role of Back Contact Patterning on Stability and Performance 

of Si IBC Heterojunction Solar Cells” 40th IEEE Photovolt. Spec. Conf., 2014, pp. 

0590-0593. Please refer to Appendix B: Reprint Permission for Copyright 2014, IEEE. 

The IEEE does not require individuals working on a thesis to obtain a formal reuse 

license. 

 

4.1 Summary 

The initial performance and stability over time of IBC-SHJ solar cell exhibits a 

critical dependence on the patterning processes, especially in defining the gap 

structure between emitter and base contacts. Original patterning processes using 

photoresist (PR) resulted in device performance of only 15% which degraded even 

with dark storage in a dry environment over days while a newly developed patterning 

approach using a-SiNX:H for patterning yielded higher performance of 17.9% with the 

first time fabrication and was stable over months. The use of photoresist as a mask in 

PECVD to form interdigitated contacts resulted in a gap that was insufficiently 

passivated and the possible PR outgassing in PECVD chamber may cause 

Chapter 4 
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contamination to the interface and bulk of intrinsic and/or doped a-Si:H. However, use 

of a-SiNX:H as a mask allows for a clean deposition in PECVD with a multi-layer gap 

structure which improves the cell performance and stability. The laser fired contact 

(LFC) reduces VOC slightly due to increased recombination loss, but does not cause 

additional instability. In this chapter, we reported a first time stable efficiency of 

17.9% achieved in an IBC-SHJ solar cell using all low temperature processes that 

incorporated a multi-layer gap passivation structure. With more careful sample 

handling and device fabrication process, the highest performance of 20.2% was 

reached in our lab with this device structure.  

 

4.2 Introduction 

IBC-SHJ solar cells [143] combine the advantage of the IBC cell design - high 

JSC due to lack of front shading loss – with the advantage of SHJ cell process - high 

VOC due to improved low temperature surface passivation by a-Si:H. Recently, 

Kaneka announced a world record efficiency of 26.7% for a Si solar cell using IBC-

SHJ structure with improved FF of 83.8% by improving surface passivation and series 

resistance [3]. The back surface of an IBC-SHJ cell has alternatively patterned p- and 

n-type a-Si:H strips with a gap between them. The cell performance is influenced by 

the entire back surface passivation quality, which is inherently inter-related to the bulk 

and interface quality of the interdigitated p- and n-a-Si:H pattern deposition and the 

gap [144]. The method of patterning the doped a-Si:H layers influences the HJ and 

contact behavior due to strong sensitivity of each hetero-interface to interface defects, 

contamination, and heterojunction formation [145]. In this work, we fabricated IBC-

SHJ solar cells with two different patterning approaches; (a) using PR and (b) using a-
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SiNX:H as a mask for depositing the interdigitated pattern. The two different processes 

lead to different gap composition and structures, together with varying cleanliness of 

different interfaces. The solar cell performance and stability were found to be critically 

dependent on the patterning process. 

 

4.3 Experimental Section 

All the c-Si wafers used in this work were 150 µm Fz polish wafers having 

textured front surfaces. Wafer cleaning steps include: 1) solvent cleaning with 

agitation to remove dust and grease; 2) 5 min Piranha, which is a mixture of H2SO4 : 

H2O2 (3:1) to remove hydrocarbon; 3) Oxide removal in 10% HF, to make surface H-

terminated. To make the front surface texturing, wafers were loaded into PECVD 

chamber right after HF dip for one-side a-SiNX:H deposition. With one side protected 

by a-SiNX:H, the other side was textured in 1% TMAH solution at ~75ºC for 20 min 

with agitation followed by 10 min static status. After one-side texturing, the wafer was 

cleaned by the solvent again, followed by a-SiNX:H removal in HF. Final clean 

Piranha (5 min) and 10% HF (1 min) were performed right before a-Si:H layers 

deposition through PECVD.  

The IBC-SHJ solar cells with different back surface patterning approaches had 

front texturing surfaces passivated by a 8 nm i. a-Si:H layer, followed by ARC 

composed of 75 nm a-SiNX:H and 20 nm a-SiC:H. The a-SiC:H is mainly for 

protecting the front surface during rear surface etching processes, which was 

developed by Brent Shu in our group years ago [146]. These front stack layers provide 

a well-passivated anti-reflection surface, which enables an independent investigation 

of the back surface patterning process [144]. A continuous 8 nm a-Si:H layer is first 
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deposited on the back surface. The back surface interdigitated patterns are composed 

of a p-type a-Si:H strip, which is 20 nm thick and 1.4 mm wide, and a n-type a-Si:H 

strip, which is 30 nm thick and 0.25 mm wide. All a-Si:H layers are deposited by 

direct current PECVD at 175-250ºC. Two patterning approaches will be discussed in 

this chapter. The original one using PR as patterning mask was developed previously 

in our group shown in Figure 4.1 (a). Newly developed back surface patterning 

approach for IBC-SHJ solar cells using a-SiNX:H as a patterning mask is shown in 

Figure 4.1 (b). Table 4.1 (a) and (b) show the sequence of a-Si:H and its alloy 

deposition for IBC-SHJ solar cell processing, including both front and back surface 

deposition, for PR mask and a-SiNX:H mask respectively.  

PR-mask patterning process in Figure 4.1 (a) had the back surface initially 

passivated by stack layers composed of 8 nm i. a-Si:H capped with ~80 nm a-SiNX:H. 

The first photolithography defined the p strip opening where 2% HF was used to 

completely remove a-SiNX:H since a-Si:H cannot be etched off by HF and the p 

region remained hydrophobic. Lower concentration of HF (2%) was used to remove a-

SiNX:H because lower concentration provides less severe etching process and 

therefore can better protect the photoresist film on the sample. The sample was loaded 

into PECVD chamber for p. a-Si:H deposition right after HF. After p. a-Si:H 

deposition, metallization was performed followed by lift off. Then the second 

photolithography was processed for n strip opening, followed by 2% HF etch to 

completely remove a-SiNX:H on the n strip. The 25µm gap between p. a-Si:H strip and 

n. a-Si:H strip are passivated by stack layers composed of i. a-Si:H and a-SiNX:H. 

However, no a-SiNX:H was observed under the optical microscope after removal of a-

SiNX:H on n strip, which is possibly due to the high lateral etching speed of HF on a-
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SiNX:H. After removing a-SiNX:H on the n strip, n. a-Si:H was deposited, followed by 

metallization and then lift off, to complete the IBC-SHJ solar cell. 

The new patterning process using 100 nm a-SiNX:H as mask is shown in 

Figure 4.1 (b) where the back surface was initially passivated by stack layers 

composed of i. a-Si:H / n. a-Si:H / a-SiNX:H. The first photolithography opened p strip, 

followed by a-SiNX:H removal using 2% HF. The i. a-Si:H and n. a-Si:H under a-

SiNX:H were then etched off by HNA solution for 1 min, which is composed of 100:1 

HNO3 : HF. HNA can also etch of c-Si, therefore a trench was formed by HNA when 

the etching condition was optimized. After HNA etch, the photoresist film on the n 

strip was then removed in acetone. After photoresist removal, the sample was cleaned 

again by Piranha and 5% HF right before loading into PECVD chamber for i. a-Si:H 

and p. a-Si:H (emitter) deposition. The reason using 5% HF instead of 10% HF is 

because a-SiNX:H here cannot be completely removed during the HF process. At least 

part of a-SiNX:H is required to act as a mask for further patterning process. The 

second photolithography was processed for n strip opening. After n opening, HNA 

was used again to remove p. a-Si:H and i. a-Si:H on the n strip. The duration of HNA 

etching was controlled by observation of re-appearance of a-SiNX:H color. After HNA, 

2% HF was then used to completely remove a-SiNX:H on the n strip, followed by 

metallization and lift off to complete the n metal contact. The third photolithography 

was performed for the p metal contact.  



 96 

 

Figure 4.1 (a) Back surface patterning by PR: Process flow of back surface of IBC-
SHJ solar cell using PR as a patterning mask with 2 steps 
photolithography 

 

 

Figure 4.1 (b) Back surface patterning by a-SiNX:H: Process flow of back surface of 
IBC-SHJ solar cell using a-SiNX:H as a patterning mask with 3 steps 
photolithography 
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Lift off




 97 

 

Table 4.1 (a) Back surface patterning by PR: The sequence of all a-Si:H layers and its 
alloy deposition, and their each deposition conditions used for IBC-SHJ 
solar cells, including both front and back surfaces 

Sequence Film 
Temp. Pressure SiH4 H2 Other  Thickness 
(ºC) (Torr) (sccm) (sccm) (sccm) (nm) 

1 i-a-Si:H 
(front) 225 1.25 10 25 N/A 8 

2 i-a-Si:H 
(back) 225 1.25 10 25 N/A 8 

3 a-SiNx:H 
(back) 300 1.00 10 50 NH3-82 80 

4 a-SiNx:H 
(front) 300 1.00 10 50 NH3-82 75 

5 a-SiCx:H 
(front) 200 0.50 5 60 CH4-28 20 

Process: 1st photolithography and p region etch off 

6 p-a-Si:H 
(back) 175 1.25 20 120 B2H6-15 20 

7 n-a-Si:H 
(back) 175 1.25 20 120 PH3-10 30 

 

Table 4.1 (b) Back surface patterning by a-SiNX:H: The sequence of all a-Si:H layers 
and its alloy deposition, and their each deposition conditions used for 
IBC-SHJ solar cells, including both front and back surfaces 

Sequence Film 
Temp. Pressure SiH4 H2 Other  Thickness 
(ºC) (Torr) (sccm) (sccm) (sccm) (nm) 

1 i-a-Si:H 
(front) 225 1.25 10 25 N/A 8 

2 i-a-Si:H 
(back) 225 1.25 10 25 N/A 8 
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3 n-a-Si:H 
(back) 250 1.25 20 120 PH3-10 30 

4 a-SiNx:H 
(back) 300 1.00 10 50 NH3-30 100 

5 a-SiNx:H 
(front) 300 1.00 10 50 NH3-82 75 

6 a-SiCx:H 
(front) 200 0.50 5 60 CH4-28 20 

Process: 1st photolithography and p region etch off 

7 i-a-Si:H 
(back) 225 1.25 20 25 N/A 8 

8 p-a-Si:H 
(back) 200 1.25 20 120 B2H6-15 20 

 

The emitter contact is Al and base contact is a metal stack of Ti – Sb – Al that 

allows an optional formation of LFC) on n-type wafers [147]. Two different patterning 

approaches result in different gap structures and compositions, which are 

schematically shown in Figure 4.2. 
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Figure 4.2 Schematic structure of IBC-SHJ solar cell using (a) PR and (b) a-SiNx:H as 
masks for forming the interdigitated pattern. Note that two processes lead 
to different gap structures.  

 

In summary, in patterning process (a) [Figure 4.1 (a)], photoresist was used as 

a mask (PR mask) for interdigitated p.a-Si:H/Al and n.a-Si:H/Ti-Sb-Al strip formation 

using two photolithography steps [Figure 4.2 (a)]. This process leads to the presence 

of photoresist in the PECVD chamber at a temperature of ~175 ⁰C resulting in 

impurity outgassing which could contaminate the bulk doped a-Si:H layers and/or the 

i/doped layer interfaces. Also, the deposition temperature, 175 ⁰C for p. and n. a-Si:H, 

is lower than our optimized temperature, which should be 200 ⁰C for p. a-Si:H and 

250 ⁰C for n. a-Si:H [Table 4.2 (b)]. The slightly lower temperature of 175ºC is 

because the photoresist cannot sustain a higher temperature of 200ºC. This approach 

also leads to a 25 mm gap structure between each p- and n-strip that is passivated only 
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by the 8 nm i.a-Si:H layer. The effect of gap composition and gap passivation on 

device performance and stability will be further discussed later. In patterning process 

(b), a ~100 nm a-SiNX:H layer was used as a mask (SiNX mask) to form an 

interdigitated p. a-Si:H strip and n. a-Si:H strip pattern [Figure 4.2 (b)]. Worth noting 

is that the back a-SiNX:H had deposition condition slightly different from the front a-

SiNX:H. This is because the back a-SiNX:H needs to be more resistant to HF etch, 

which results a lower etching rate, for better processing control. This approach 

contains three photolithography steps, but avoids baking the photoresist at 150 ºC - 

200 ºC in the PECVD chamber and therefore avoids any possible outgassing and 

contamination. Without the photoresist in the PECVD chamber, the optimized 

condition for each a-Si:H layer can be carried out. The resulting gap structure between 

the p- and n-strips is passivated by a 5-layer stack (i. / n. a-Si:H / a-SiNX:H / i. / p. a-

Si:H) as shown in Figure 4.2(b). The thicker multilayer stack in the gap of the SiNX-

mask process and clean deposition in PECVD chamber results in improved 

performance and stability, compared to a single thin a-Si:H layer as results from the 

PR-mask process. 

Optional LFC, details of which are described elsewhere [147], [148], were 

used on the n-strip to investigate its influence on cell performance. The solar cells 

were tested in the dark and under AM 1.5 illumination (Please refer to Appendix A) 

with masks of either 2.50 or 1.57 cm2 area at 25°C. The cells were stored in a 

desiccator in N2 ambient and were tested over 6 months for stability. Occasionally, 

some cells were annealed at 200°C for 5 min in air ambient, which was found to be the 

optimum annealing condition for such IBC-SHJ cells. The LBIC line scan across the 
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interdigitated pattern was characterized by a position sensitive 632 nm laser beam with 

width of ~30 mm.  

 

4.4 Results and Discussions 

Figure 4.3 shows the cell efficiency over time for different back surface 

patterning approaches of three 2.5 cm2 IBC-SHJ solar cells. The IBC-SHJ solar cell 

fabricated with PR mask with LFC (PR / LFC) degraded ~20% compared to the cells 

fabricated with SiNX mask (SiNX / LFC & SiNX) which only degraded by ~ 2 – 4%. 

The cell using SiNX / LFC resulted in lower efficiency, primarily due to reduced VOC 

by ~ 40 mV compared to the cell without the LFC, but does not cause additional 

instability. A similar decrease in VOC due to LFC has been seen in the past and is 

attributed to higher recombination loss at the LFC spots [145]. Therefore, the 

degradation of the cell with PR / LFC is believed to be due to the PR-mask patterning 

process rather than introduced by LFC. Heat treatments can only partially recover the 

PR / LFC cell efficiency, which exhibits ~9% degradation (PR / LFC / HT in Figure 

4.3). As shown in the structure schematic in Figure 4.2 (a), the cell with PR / LFC has 

the 0.025 mm gap passivated by only 8 nm thick i-layer, which we have shown leads 

to unstable passivation quality as exhibited by a decrease in τeff over time [149]. 

Contamination at the i / doped a-Si:H interface in this process may occur due to the 

presence of PR during deposition in the PECVD chamber [150]. However, if the gap 

consists of a multi-layer stack structure, as is the result for the cells fabricated with 

SiNX as a mask, the cell does not show any appreciable degradation due to its stable 

passivation quality and elimination of any interface impurities. Such stable passivation 
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quality has been demonstrated when the c-Si surface is passivated by a stack layer of 

a-Si:H, as thin as 2 nm, capped with a-SiNX:H [146]. 

 

 

Figure 4.3 Cell efficiencies over time of 2.5 cm2 IBC-SHJ solar cells fabricated with 
PR or SiNX as a mask. Note that two cells had an optional laser fired 
contact (LFC). The red arrows indicate days where the device was given 
200 ºC heat treatment and retested.  
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Figure 4.4 Relative cell parameter degradation for an IBC-SHJ solar cell fabricated 
with PR mask (PR / LFC).  

 

In order to comprehend the performance decrease of the PR mask cell, we 

plotted the relative degradation of the PR / LFC cell parameters in Figure 4.4. It is 

clearly seen that the efficiency degrades primarily due to degradation of VOC and FF, 

while JSC drops by less than 5%. VOC degradation results from poor gap passivation on 

the back and is in accordance with the passivation instability of the single intrinsic a-

Si:H layer over time  
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[146], [149]. To understand the FF degradation, we have measured the LBIC line scan 

across the interdigitated strips with 0 V (short circuit) and maximum power point 

voltage (Vmp) bias. The ratio of the LBIC signal at Vmp to 0V [(LBIC)Vmp / 

(LBIC)0V] is indicative of the spatial current loss at maximum power point and, thus, 

related to FF of the cell. Figure 4.5 shows the LBIC ratio of the three cells fabricated 

with PR and SiNX mask. The PR mask cell was heat treated prior to LBIC 

measurement. The figure clearly shows that the SiNX mask cell without any LFC has 

near uniform current collection loss, while the LFC formation on similarly processed 

cell (SiNX / LFC) exhibits additional current collection loss (lateral dimension of ~ 100 

µm) from the n-strip presumably due to passivation damage on the LFC spots. 

However, the PR / LFC / HT cell suffers severe collection loss not only from the LFC 

spots on n-strips but also from much wider lateral regions (>500 µm), which suggests 

a much inferior gap passivation provided by the single 8 nm i. a-Si:H layer. This 

confirms that the primary degradation of the PR mask cell arises from the unstable gap 

passivation, which leads to instability in VOC and FF. 
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Figure 4.5 The ratio of LBIC line scan at Vmp to 0V biases of IBC-SHJ solar cells 
with three different patterning processes (PR/LFC/HT, SiNX/LFC and 
SiNX).  

 

Table 4.2 lists the performance parameters for this device (PR mask) in the 

initial, degraded (180 days storage), and post-heat treatment condition. Also shown are 

the series resistance (RS), ideality (n), and recombination current density (J0) extracted 

from the light JV curves assuming a single diode model. RS increases but is restored to 

its original value with annealing, while the parameters n and J0, which are determined 

by the junction recombination, also increase but are not fully annealed to their original 
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values after heat treatment. The recovery of RS indicates it is metastable, while the 

degradation in diode recombination (n, J0) is only partially recovered with annealing. 

Note that n increases to 2.5, suggesting other losses in addition to standard deep defect 

recombination (n=2.0). We have analyzed numerous IBC devices and find only those 

with the PR mask occasionally have n>2 confirming that they have complex loss 

mechanisms beyond standard recombination. Values of n>2 in Si solar cells can be 

attributed to various losses such as current crowding, non-uniform resistance and 

collection (as seen in Figure 4.5), barrier modification, or conductivity modulation. 

The rapidity of the partial recovery (< 5 minutes annealing) and the fact that 

impervious metal layers cover >95% of the rear surface implies that the gap region is 

responsible for the fast degradation and recovery. The LBIC characterization and 

detailed device analysis in Table 4.2 were performed by Dr. Ujjwal Das. 

 

Table 4.2 Illuminated JV performance and model parameters for the cell processed 
with PR/LFC; Initial, degraded (180 days) and post-heat treatment. Area 
= 2.5 cm2.  

State VOC  
(V) 

JSC  
(mA/cm2) 

FF  
(%) 

Eff 
(%) 

Rs  
(Ohm-cm2) 

n J0 
(mA/cm2) 

Initial 0.649 34.4 67.0 15.0 1.7 1.8 2E-04 
180 days 0.595 33.2 58.4 11.5 2.2 2.5 7E-03 

HT 0.630 33.1 65.4 13.7 1.7 2.0 4E-04 
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Figure 4.6 Dark and light JV curves of 1.57 cm2 IBC-SHJ solar cell showing a stable 
efficiency of ~17.9% fabricated by SiNX mask with no LFC.  

 

Figure 4.6 shows the J-V curve for the best stable IBC-SHJ with efficiency of 

17.9% measured with an aperture area of 1.57 cm2 processed using SiNX as a mask 

without the LFC. The device shows negligible degradation after 180 days without any 

heat treatment. Excellent back surface passivation by intrinsic a-Si:H capped with 

doped a-Si:H and a-SiNX:H is proven to provide stable VOC.  For comparison to the 

PR-masked cell of Table 4.2, this device has RS=1.5 Ohm-cm2, n=1.8, and J0=3E-5 

mA/cm2. Thus, the better performance results from lower J0, not lower RS or a 

different recombination mechanism (n). This is consistent with the assumption that the 

SiNX-masked cells have less contamination and less interface state defects. We note 

that our best front heterojunction cells have FF=77% and RS=1.0 Ohm-cm2, 



 108 

suggesting that the IBC cells have additional RS. After correcting for RS losses, both 

can have similar FF ~80%.  

 

4.5 Conclusion 

Based on all the characterizations and device analysis with the newly 

developed back surface patterning approach using an a-SiNX:H as a mask, it is shown 

that the back surface patterning processes of IBC-SHJ solar cells are critical not only 

for initial solar cell performance but also its stability over time, even in the absence of 

any illumination. When the gap between p- and n-strips is passivated by a single thin i. 

a-Si:H layer, the initial performance is reduced and degradation over time is increased 

due to the insufficient and unstable passivation quality. An improved patterning 

approach was developed in my work utilizing a-SiNX:H as a PR mask for the PECVD 

process of interdigitated doped layers which resulted in a well passivated gap structure 

comprised of thin intrinsic a-Si:H capped by doped a-Si:H and a-SiNX:H layers. A 

stable efficiency of 17.9% was achieved for a cell aperture area of 1.57 cm2. 

Additionally, our group achieved a 20.2% IBC-SHJ device utilizing this process 

describe above. 
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DIFFERENT FRONT STACK LAYER PASSIVATION FOR APPLICATION 
IN IBC-SHJ SOLAR CELLS 

 

5.1 Summary 

The effect of n+ phosphorous diffusion layer forming front surface field (FSF) 

on the IBC-SHJ solar cells to improve surface passivation and FF by increased lateral 

current transport has been evaluated jointly with professor Buonassisi’s group at MIT. 

MIT performed n+ phosphorus diffusion on the c-Si wafers cleaned and supplied by 

us, and we performed Si HJ solar cell fabrication, device measurements and analysis. 

Four sets of c-Si wafers evaluated where the front surface was passivated by either: 1) 

i. a-Si:H; 2) n+ diffusion / i. a-Si:H; 3) i. a-Si:H / n. a-Si:H; and 4) n. a-Si:H. Although 

n+ diffusion sample showed slightly better surface passivation, the front surface 

passivated by only i. a-Si:H exhibited the highest efficiency of 20.2% with FF~75%, 

comparing to efficiency of 19.6% and similar FF by n+ FSF sample. Front surface 

passivated by i. a-Si:H capped with n. a-Si:H for FSF didn’t exhibit any improvement 

from n. a-Si:H; instead, light absorption loss caused by n. a-Si:H reduces the device 

JSC. Front surface passivated by only n. a-Si:H is insufficient and therefore caused 

poor τeff and device VOC. The solar cell with front surface passivated by this under-

optimized n. a-Si:H showed efficiency only 15.4%. No measureable difference of 

series resistance (RS) analyzed from J-V data among these four front surface 

structures, suggesting that Rs was not reduced by the FSF developed in this project.  

Chapter 5 
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5.2 Introduction 

The effect of front surface field, FSF, on n-type c-Si back-contact back-

junction solar cells has become a critical topic for enhancing the device performance 

where FSF provides improvements in front surface passivation level [151]-[153], 

lateral carrier transport, and therefore the RS loss [154]-[156]. For c-Si solar cell, 

which is typically fabricated on wafers that are > 100 microns, most of the carriers are 

generated within a few micrometers of the front surface [157]. Thus, the front surface 

passivation level becomes important since electrons and holes need to be able to reach 

the back surface and be collected by either the base or the emitter. The FSF induces an 

accumulation layer which forms high-low junction n+np+ structure 

[158], [159], enhancing carrier separation, and hence improving the front surface 

passivation quality, which can be characterized through τeff.  

 Additionally, the FSF enhances the lateral carrier transport [155], [156], where 

the lateral carrier transport is the main resistance loss mechanism reducing the device 

performance with increased RS and decreased fill factor FF. The idea of using FSF 

with its higher conductivity to enhance the carrier lateral transport on back-junction 

back-contact Si solar cell can be understood in Figure 5.1 [155].  
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Figure 5.1 Schematic drawing of the effect of the enhanced lateral current transport of 
the majority carriers via the front surface field (FSF). The lateral current 
transport through the FSF (b) can be seen as an additional transport path 
to the base lateral resistance (a). Reprinted from Ref. [155], with 
Copyright 2008 IEEE. (IEEE does not require individuals working on a 
thesis to obtain a formal reuse license.)  

 

For the back-junction back-contact c-Si solar cell, the emitter coverage on the 

rear surface needs to be as high as possible [160] to reduce the required diffusion path 

for the light-generated minority carrier to reach the p-n junction and be collected by 

the emitter contact. However, the increased emitter coverage on the rear surface means 

the reduction of the base coverage. The high emitter fraction makes the majority 

carriers transport laterally to a larger distance to reach the base contact, where the 

resistance loss from the base material (c-Si wafer) becomes more significant to 

increase the device RS with reduced FF, and therefore lower its performance. As seen 

in Figure 5.1, when a highly-doped n+ FSF is present, the lateral transport of the 

electrons (majority carriers) can be enhanced via route (b) due to the higher 

n-metal finger p-metal finger 

Figure 4. Schematic drawing of the effect of the enhanced 
lateral current transport of the majority carriers via the 
front surface field (symmetry element of the cell is shown). 
For simplicity the front side texture is not shown. The 
lateral current transport through the FSF (b) can be seen 
as an additional transport path to the base lateral 
resistance (a). 

Table I. Geometry parameters of the rear side of the 
back-contacted solar cells with different pitches. 

Structure 
Emitter [!.1m] 

Base [!.1m] 
Pitch [!.1m] 

Emitter fraction [%] 

A 
700 
600 
1300 

54 

B 
1200 
600 
1800 

67 

C 
1600 
600 

2200 
73 

D 
2900 
600 

3500 
83 

A schematic cross-section of the BC-BJ n-type Si solar 
cell structure 2analyzed in this paper is shown in Fig. 1. 

2 x 2 cm cells were fabricated from n-type, 200 !.1m 
thick float-zone (FZ) silicon wafers. Specific base 
resistivities of 1 and 8 Q cm were chosen. The front side 
is textured with random pyramids and passivated with a 
lightly doped (Npeak= 5x10 18 cm-3) and deep diffused 
(1.4 !.1m) phosphorus front surface field (FSF) diffusion 
with the sheet resistance of 148 Q/sq. Our investigations 
of the surface passivation quality of different FSF diffusion 
profiles were presented in Ref 6. The front surface was 
then passivated with a thin thermally grown silicon dioxide 
layer and a PECVD silicon nitride (SiN x) antireflection 
coating. Both emitter p+ and back surface field n+ 
diffusions are separated by an undiffused gap. The rear 
cell surface is passivated with silicon dioxide. Metal 
fingers are contacted to the diffused regions through local 
openings in dielectric layer. The cells were annealed in 
forming gas atmosphere. Prior to measurements, the cells 
were removed from the host wafer by the means of laser 
cutting with an edge distance of 500 !.1m from active cell 
area. Next to the solar cells processing, two-dimensional 
device simulations using a numerical device simulation 
program Sentaurus Device™ [9] were performed. 

IMPACT OF THE FSF ON THE FILL FACTOR AND 
THE LATERAL CURRENT TRANSPORT 

The fill factors of the processed cells with different pitches 
are shown in the Fig. 5. As one would expect, the FF 

978-1-4244-1641-7/08/$25.00 ©2008 IEEE 

decreases as the pitch increases due to increased lateral 
resistance in base. For the cells with specific base 
resistivity of 1 Q cm and with the FSF, the increase of 
pitch from 1.3 to 3.5 mm results in a FF drop of about 1 % 
absolute. The FF of the 1 Q cm cells without the FSF is 
around 1 %abs lower than the FF of the cells with the FSF. 
The impact of the FSF on the lateral resistance losses 
and on the FF is even more pronounced for the cells with 
the 8 Q cm specific base resistance. Here much lower fill 
factors were obtained. For the pitch of 1.3 mm a maximum 
FF of 79 % and 78 % for cells with and without FSF 
respectively was measured. When reaching the largest 
pitch of 3.5 mm, the FF dropped to 76 % for cells with FSF 
and to 63 % for cells without FSF. Thus, the increase of 
the pitch form 1.3 to 3.5 mm caused a FF drop by 3 %abs 
for the cells with FSF, and for the cells without the FSF 
the FF dropped drastically by 13 %abs. 
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Figure 5. Fill factor of the processed cells and 
two-dimensional numerical simulations as a function of 
the pitch for two different base resistivities. Results for the 
cells with (,osheet = 148 Q/sq) and without FSF diffusion are 
shown. The data points represent a mean value of the 
experimental results. Lines represent the 2D simulation 
results. 

to the measured fill factor values, also the 2D 
Simulations are shown in Fig. 5. A good agreement 
between the experimental and 2D simulation results can 
be observed. These results clearly demonstrate that the 
FSF significantly reduces the series resistance losses and 
thus improves FF in comparison to cells without FSF. The 
effect of enhanced current transport in FSF is stronger for 
larger pitches, where the base lateral resistance 
dominates the resistance losses of the cell. Moreover the 
additional impact of the FSF is, as expected, a of 
the base doping. For higher base resistivity (8 Q cm) and 
large pitch distance (3.5 mm) the FF of the cells with FSF 
is up to 13 %abs higher than the FF of the cells without the 
FSF. In this experiment the best cell efficiency of 21.3 % 
(designated cell area measurement) was obtained for a 

resistivity of 1 Q cm and a pitch of 1.8 mm. Optimum 
pitch was found to be 1.8 to 2.2 mm. This optimum 
represents the best trade-off between emitter coverage on 
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conductivity of FSF, reducing the RS loss caused by the base material c-Si wafer and 

thus improving the FF when comparing to route (a). The contribution of FSF will be 

more significant in the case of high resistivity wafer or larger lateral distance [156]. 

 

5.3 Experimental 

5.3.1 Wafer Cleaning and Preparation 

The back surface patterning and structure of IBC-SHJ solar cells discussed in 

this chapter are all the same as discussed in chapter 4, using a-SiNX:H as the 

patterning mask. 145 µm SunPower Cz texturing wafers with resistivity 8-10 Ωcm 

were used to study the effect of different front stack layers on IBC-SHJ solar cells 

performance. Samples without n+ phosphorus diffusion (bare wafer) were cleaned 

using the following steps: 1) solvent cleaning with ultrasonic agitation to remove all 

the dust and grease due to sample handling and transferring; 2) piranha oxidation in a 

mixture of H2SO4 and H2O2 (3:1) to remove hydrocarbon; 3) 10% HF to remove 

surface oxide; 4) 20sec HNA (acid mixture of HF: HNO3 = 1 : 100) etch back.  

For samples with n+ phosphorus diffusion, the wafers were sent to MIT for 

phosphorus diffusion, which is commonly used to form FSF in PV industry and 

laboratory and then followed by the wafer cleaning and etching processes at IEC 

[161], [162]. The first part of cleaning after diffusion is the same as “no diffusion 

sample”, including step one to step four. After all these cleaning steps, the samples 

had piranha oxidation followed by 10% HF right before a-SiNX:H deposition to 

protect one side of n+ diffused surface. With well-protected n+ diffused front surface, 
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the back n+ diffused surface was completely etched off and slightly polished by 22% 

TMAH at 90ºC, followed by 5min of 10% HF to remove the front surface a-SiNX:H.  

Before depositing intrinsic & doped a-Si:H, a-SiNX:H, and a-SiC:H by 

PECVD, all the wafers were again cleaned by 5 min piranha oxidation and 1 min 10% 

HF forming H-terminated surface, including both with n+ diffusion wafer and without 

n+ diffusion wafer. Four sets of front surface stack layers were discussed through 

passivation quality and IBC-SHJ solar cell analysis to evaluate the contribution of FSF 

forming by either n+ phosphorous diffusion or n. a-Si:H deposition. The four different 

front stack layers include 1) i. a-Si:H; 2) n+ diffusion / i. a-Si:H; 3) i. a-Si:H / n. a-

Si:H; and 4) n. a-Si:H.  

 

5.3.2 Front Stack: i. a-Si:H / a-SiNX:H / a-SiC:H (control sample) 

Table 5.1 The sequence of all a-Si:H layers and its alloy deposition, and their each 
deposition conditions used for IBC-SHJ solar cells with their front stack 
layers i. a-Si:H / a-SiNX:H / a-SiC:H  

Sequence Film 
Temp. Pressure SiH4 H2 Other Thickness 

(ºC) (Torr) (sccm) (sccm) (sccm) (nm) 

1 i.a-Si:H 
(front) 225 1.25 10 25 N/A 8 

2 i.a-Si:H 
(back) 225 1.25 10 25 N/A 8 

3 n.a-Si:H 
(back) 250 1.25 20 120 PH3-10 30 

4 a-SiNx:H 
(back) 300 1.00 10 50 NH3-30 170 

5 a-SiNx:H 
(front) 300 1.00 10 50 NH3-82 75 
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6 a-SiCx:H 
(front) 200 0.50 5 60 CH4-28 20 

Process: 1st photolithography and p region etch off 

7 i-a-Si:H 
(back) 225 1.25 20 25 N/A 8 

8 p-a-Si:H 
(back) 200 1.25 20 120 B2H6-15 20 

 

5.3.3 Front Stack: n+ diffusion / i. a-Si:H (8nm) / a-SiNx:H / a-SiC:H 

Table 5.2 The sequence of all a-Si:H layers and its alloy deposition, and their each 
deposition conditions used for IBC-SHJ solar cells with their front stack 
layers n+ diffusion / i. a-Si:H / a-SiNX:H / a-SiC:H  

Sequence Film 
Temp. Pressure SiH4 H2 Other Thickness 

(ºC) (Torr) (sccm) (sccm) (sccm) (nm) 

1 i.a-Si:H 
(front) 225 1.25 10 25 N/A 8 

2 i.a-Si:H 
(back) 225 1.25 10 25 N/A 8 

3 n.a-Si:H 
(back) 250 1.25 20 120 PH3-10 30 

4 a-SiNx:H 
(back) 300 1.00 10 50 NH3-30 170 

5 a-SiNx:H 
(front) 300 1.00 10 50 NH3-82 75 

6 a-SiCx:H 
(front) 200 0.50 5 60 CH4-28 20 

Process: 1st photolithography and p region etch off 

7 i-a-Si:H 
(back) 225 1.25 20 25 N/A 8 

8 p-a-Si:H 
(back) 200 1.25 20 120 B2H6-15 20 
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5.3.4 Front Stack: i. a-Si:H (8nm) / n. a-Si:H (20nm) / a-SiNx:H / a-SiC:H 

Table 5.3 The sequence of all a-Si:H layers and its alloy deposition, and their each 
deposition conditions used for IBC-SHJ solar cells with their front stack 
layers i. a-Si:H / n. a-Si:H / a-SiNX:H / a-SiC:H  

Sequence Film 
Temp. Pressure SiH4 H2 Other Thickness 

(ºC) (Torr) (sccm) (sccm) (sccm) (nm) 

1 i.a-Si:H 
(front) 225 1.25 10 25 N/A 8 

2 n.a-Si:H 
(front) 250 1.25 20 120 PH3-10 20 

3 i.a-Si:H 
(back) 225 1.25 10 25 N/A 8 

4 n.a-Si:H 
(back) 250 1.25 20 120 PH3-10 30 

5 a-SiNx:H 
(back) 300 1.00 10 50 NH3-30 170 

6 a-SiNx:H 
(front) 300 1.00 10 50 NH3-82 75 

7 a-SiCx:H 
(front) 200 0.50 5 60 CH4-28 20 

Process: 1st photolithography and p region etch off 

8 i.a-Si:H 
(back) 225 1.25 10 25 N/A 8 

9 p-a-Si:H 
(back) 200 1.25 20 120 B2H6-15 20 
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5.3.5 Front Stack: n. a-Si:H (40nm) / a-SiNx:H / a-SiC:H 

Table 5.4 The sequence of all a-Si:H layers and its alloy deposition, and their each 
deposition conditions used for IBC-SHJ solar cells with their front stack 
layers n. a-Si:H / a-SiNX:H / a-SiC:H  

Sequence Film 
Temp. Pressure SiH4 H2 Other Thickness 

(ºC) (Torr) (sccm) (sccm) (sccm) (nm) 

1 n.a-Si:H 
(front) 250 1.25 20 120 PH3-10 40 

2 i.a-Si:H 
(back) 225 1.25 10 25 N/A 8 

3 n.a-Si:H 
(back) 250 1.25 20 120 PH3-10 30 

4 a-SiNx:H 
(back) 300 1.00 10 50 NH3-30 170 

5 a-SiNx:H 
(front) 300 1.00 10 50 NH3-82 75 

6 a-SiCx:H 
(front) 200 0.50 5 60 CH4-28 20 

Process: 1st photolithography and p region etch off 

7 i.a-Si:H 
(back) 225 1.25 10 25 N/A 8 

8 p-a-Si:H 
(back) 200 1.25 20 120 B2H6-15 20 

 

5.4 Results and Discussion 

5.4.1 Stack Layer Passivation Level 

The purpose of having FSF is to improve the front surface passivation, and 

device performance attributed to reduced RS loss and therefore improved FF. Table 

5.5 showed the τeff of stack layer passivation, including both front and back surfaces 
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passivation (Table 5.1 to Table 5.4). From Table 5.5 it is found that only n. a-Si:H 

sample got insufficient surface passivation, and other three front structures provided 

very decent passivation level. N+ diffusion sample showed slightly higher τeff, which 

might be contributed by the effect of FSF. Front surface passivation by 20 nm of n. a-

Si:H on top of i. a-Si:H didn’t show better passivation level, which may indicate that 

the condition of n. a-Si:H used in this work is under optimized and could not provide 

the effect of FSF. 

 

Table 5.5 τeff of stack layer passivation, comparing between different front stack layers. 

Front stack layers τeff (µsec) SRV (cm/sec) 
i. a-Si:H / a-SiNX:H / a-SiC:H 3365 2.2 

N+ diff / i. a-Si:H / a-SiNX:H / a-SiC:H 4420 1.6 
i. a-Si:H / n. a-Si:H / a-SiNX:H / a-SiC:H 1995 3.6 

n. a-Si:H / a-SiNX:H / a-SiC:H 650 11.2 
 

5.4.2 J-V and QE Measurements and Analysis 

IBC-SHJ solar cells were fabricated based on four different front stack layers 

discussed in chapter 5.3. Solar cell performances are shown in Figure 5.2 and Table 

5.6. 
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Figure 5.2: IBC-SHJ solar cell performances by J-V curves of four different front 
structures. Cell area 1.61 cm2 

 

Table 5.6: IBC-SHJ solar cell performances including parameters VOC, JSC, FF, and 
Efficiency (η). Cell area 1.61 cm2 

Front structure VOC 
(V) 

JSC 
(mA / cm2) 

FF 
(%) 

Rs 
(ohm-cm2) 

η 
(%) 

i (8 nm) / SiNX / SiC 0.680 39.4 75.2 0.3 20.2 
n+ diff / i (8 nm) / SiNX / SiC 0.682 38.6 74.5 0.3 19.6 

i (8 nm) / n (20 nm) / SiNX / SiC 0.627 35.4 74.0 0.4 16.4 
n (40 nm) / SiNX / SiC 0.623 34.1 72.3 0.2 15.4 

 

From the IBC-SHJ solar cell performance with different front structure, it is 

found that standard cell structure with front surface: i. a-Si:H (8 nm) / a-SiNX:H / a-
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SiC showed the highest efficiency 20.2%. The n+-diffused layer for the FSF processed 

at MIT was expected to reduce RS and therefore improve FF due to better lateral 

transport; however no any expected improvement was observed. The lower JSC of 

IBC-SHJ solar cell with front surface layer: i (8 nm) / n (20 nm) / SiNX / SiC had JSC 

of only 35.4 mA/cm2, which is most likely due to more absorption loss caused by n. a-

Si:H on the front surface. Single n. a-Si:H is not sufficient for high level surface 

passivation, which can be seen on the cell performance only 15.4%, with all the 

parameters VOC, JSC, and FF are relatively lower. 

 

  

Figure 5.3: QE of SHJ-IBC solar cells with different front structures 
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QE measurements provide a better understanding of the current loss on each 

sample. The cell with i (8 nm) / n (20 nm) / SiNX / SiC had poor blue response 

because of absorption loss mainly in the 20 nm n. a-Si:H layer. The cell with n (40 

nm) / SiNX / SiC also had poor blue response due to insufficient front surface 

passivation and absorption loss by single n. a-Si:H layer. Phosphorous-diffused n+ for 

FSF did not give a measureable difference from J-V and QE measurements.  

No significant improvement attributed to FSF was observed may suggest that 

the conditions of phosphorous-diffused n+ and n. a-Si:H are under optimized and need 

further study. Besides this, some discussions in the literatures can be learned to 

explain our observations. As shown in Figure 5.4, the simulations in PC1D exhibits 

the influence of the front surface recombination velocity (SRVfront) on the performance 

of back-junction back-contact n-type c-Si solar cell, with and without FSF[155]. 

Comparing to the one without FSF, the existence of FSF has the device efficiency 

reach the same high level in a very wide range of SRVfront, which makes the 

contribution of FSF more effective at poor surface passivation level. No significant 

difference of device efficiency is shown between with and without FSF when the 

SRVfront is about below 10 cm/sec, which is also the range that the four samples being 

studied in our work shown in Table 5.5, with the assumption that front and back 

surface passivation level are identical (SRVfront = SRVback).  

Thus, the application of the FSF enables a high solar cell efficiency especially 

for unsatisfied surface passivation quality, where the FSF makes cell performance 

insensitive to the SRV up to 5000 cm/sec [158]. This characteristic of the FSF makes 

it more important for the manufacturing of the high-efficiency solar cells in industrial 
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processing environment, where the perfect surface passivation with low SRV is more 

difficult to reach than in a laboratory environment. This might be one of the reasons to 

explain the results we obtained in our project. 

 

Figure 5.4 PC1D simulations [163] of the influence of the front surface recombination 
velocity on the efficiency of back-junction back-contact n type c-Si solar 
cells with and without the FSF. Device structure shown in Figure 5.6. 
Reprinted from Ref. [155], with Copyright 2008 IEEE. (IEEE does not 
require individuals working on a thesis to obtain a formal reuse license.) 

 

Another thing can be learned is the effect of base material resistivity and pitch 

dimension on FSF contribution, where the definition of pitch can be seen on Figure 

in industrial processing environment, where perfect So/ront 
are more difficult to obtain than in a laboratory 

environment. 

# 
15 

c: 
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w 
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Front Surface Recombination Velocity So [cm/s] 

Figure 2. Influence of the front surface recombination 
velocity (SO/ront) on the efficiency of back-junction n-type Si 
solar cells with and without the FSF (one-dimensional 
PC1 D [5] simulations). 

UV-STABILITY OF FRONT SURFACE PASSIVATION 

positive effect of the FSF is a significant 
Improvement of the UV-light stability of the front side 

which is very important for the long term 
operation of the solar cells. The UV-stability of the front 
surface passivation with and without FSF was examined 
by exposing the n + nn + lifetime samples to UV-light (Xenon 
lamp) at one sun light intensity and a temperature of 
50°C. The tested samples were not covered with module 
glass during the exposure. The symmetrical lifetime 
samples were textured with random pyramids and the 
both surfaces were passivated with a thin thermal Si02 
layer and an antirefiection-SiNx coating. The samples 
were annealed in a forming gas atmosphere prior to the 
exposure test. 
Results of the exposure tests are shown in Fig. 3. Lifetime 
of samples without FSF degrades significantly already 
after the first few hours of exposure. Surface saturation 
current density JOe was determined after each exposure 
step. Details of the determination of JOe can be found in 
Ref. 6. For the samples without the FSF, JOe increases 
from initial value of -30 fAlcm 2 to almost 450 fAlcm 2 after 
55 hours of UV-light exposure. Such a high increase of 
JOe, which corresponds to So/ront of -140 cm/s, will lead to 
a cell performance degradation (see Fig. 2). 
Samples With FSF show no significant degradation. JOe 
increases from -30 to 35 fAlcm 2 in the case of a 148 n/sq 
FSF diffusion. This proves that passivation using a FSF is 
stable and therefore appropriate for industrial applications 
in contrast to unstable passivation without FSF. Similar 
results were already obtained by Gruenbaum et al. [7]. 
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Figure 3. Passivation stability of textured n + nn + lifetime 
samples with and without FSF during 55 hours of 
exposure to UV-light. Lines are guides-to-the-eye. 

IMPLICATIONS OF THE USE OF LOW-COST 
STRUCTURING TECHNOLOGIES 

Back-contact back-junction solar cells were processed by 
our group without the use of photolithography. Application 
of low-cost structuring technologies, such as screen�
printing and laser processing, leads to the reduction of the 
resolution and positioning accuracy. This results in the p-n 
pitches in the range of millimeters. Thus, the pitch on the 
rear side increases by a factor of 20 to 50 when 
comparing to the cells processed with the use of 
photolithography, e.g. point-contact solar cells of 
Sinton et al. [8] which had a pitch of 45 IJm. With the large 
lateral dimensions of the pitch, the majority carriers 
current needs to flow laterally distances in the range of 
millimeters before reaching the base contacts. Lateral 
transport of the majority carriers is causing significant 
series resistance losses due to its larger distances. When 
a highly doped FSF layer is present, the lateral transport 
of the electrons can be enhanced. This additional positive 
effect of the FSF is sketched in Fig. 4. 
In order to experimentally investigate the influence of the 
FSF on the lateral majority current transport, a set of solar 
cells with different pitches were processed. Back-contact 
back-junction n-type silicon solar cells with pitches of 1.3, 
1.8, 2.2 and 3.5 mm were fabricated (see Tab I). The pitch 
and the base and emitter width had to be selected, so that 
the resolution and positioning accuracy of the cell 
geometry can be done using low-cost masking steps such 
as screen-printing and laser ablation. The width of the 
emitter area (p") was varied in the range of 700 - 2900 IJm 
in order to investigate the lateral current transport in the 
base and in the FSF. The base width was fixed at 600 IJm 
for all investigated pitches. 
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5.5 [155]. The device structure shown in Figure 5.5 was used for further simulations 

and discussions presented in Figure 5.6 about the influence of base material resistivity 

and pitch dimension on device performances, for the cases with and without FSF 

[155]. The improvement provided by FSF was found more significant with a higher 

resistivity c-Si wafer and larger pitch size, as seen in Figure 5.6. A higher resistivity 

wafer makes more RS loss in route (b) in Figure 5.1 and hence large reduction of RS 

loss can be found with the lateral carrier transport via route (a), with a more 

conductive FSF. Figure 5.6 indicated that the impact of the FSF on the FF [Figure 5.6 

(a)] and the RS loss [Figure 5.6 (b)] is more pronounced for the device with 8 Ωcm of 

wafer resistivity comparing to 1 Ωcm of wafer resistivity.  

 

 

Figure 5.5 Schematic cross-section of the n-type back-junction back-contact Si solar 
cell. Reprinted from Ref. [155], with Copyright 2008 IEEE. (IEEE does 
not require individuals working on a thesis to obtain a formal reuse 
license) 
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ABSTRACT 

The role of the phosphorus-doped front surface field (FSF) 
in n-type back-contact back-junction silicon solar cells was 
analyzed. The FSF improves the quality of the front 
surface passivation and enables very high efficiencies 
even for the cells with higher front surface recombination 
velocity. The stability of the front surface passivation using 
the FSF with respect to UV-light was analyzed by 
measurements of lifetime samples. Application of the FSF 
significantly improves the UV-light stability. The surface 
saturation current density (JOe) of the textured lifetime 
samples without FSF increased form 30 fAlcm 2 to almost 
450 fAlcm 2 after 55 hours of UV-light exposure. JOe of the 
samples with FSF showed only a marginal increase from 
30 to 35 fAlcm 2. An additional positive effect of the FSF is 
the reduction of the lateral resistance losses. These 
losses are caused by a significant increase of the pitch on 
the rear cell side, when only low-cost structuring 
technologies (screen-printing and laser processing) are 
applied. An experimental study showed that the FSF 
strongly improved the fill factors of the cells with large 
pitches. Two-dimensional device simulations revealed that 
the FSF significantly contributes to the lateral transport of 
the majority carrier's current. The best cell efficiency of 
21.3 % was obtained for the solar cell with a 1 n cm 
specific base resistivity and a front surface field with a 
sheet resistance of 148 n/sq. 

INTRODUCTION 

The back-contacted and back-side collecting silicon solar 
cell design represents a very attractive cell structure with 
high efficiency potential in the mass production. Sunpower 
Corp. demonstrated recently for this cell type efficiencies 
exceeding 22 % in its production lines [1]. One ofthe most 
important features of the back-contacted and 
back-junction (BC-BJ) cell structure [1,2] is the presence 
of the front surface field (FSF). In this paper we discuss 
three different positive effects of the FSF. First, we will 
have a look at the passivation quality of the front side 
passivation using the FSF, since it is one of the most 
critical parameters to the performance of a BC-BJ cell. 
Second, the stability of the front side passivation with 
respect to the UV-light is analyzed for samples with and 
without the FSF. Third, the effect of the reduction of the 
lateral resistance losses due to the increased lateral 
current transport via the FSF is discussed. This effect is 
significant only if the cell pitch (see Fig. 1) is large, due to 
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the use of industrially applicable structuring technologies 
such as ink-jetting and screen-printing of resist masks or 
laser processing. Then the FSF not only improves the 
front side passivation and the passivation stability, but 
also reduces the lateral resistance for the majority 
carriers. 

ARSiN x 

symmetry element metal fingers 

pitch 

Figure 1. Schematic cross-section of the n-type 
high-efficiency back-contact back-junction silicon solar cell 
processed at Fraunhofer ISE (sketch is not to scale). Pitch 
and the symmetry element used for two-dimensional 
device simulations are shown. 

PASSIVATION OF THE FRONT SIDE OF THE 
BACK-JUNCTION CELLS WITH FSF 

In the solar cell most of the photo-generation occurs at the 
front side, where the light-generated carriers can easily be 
lost by recombining at a poorly passivated surface instead 
of reaching the p-n junction at the rear surface. Thus, an 
excellent front surface passivation is one of the critical 
factors influencing the efficiency of the back-junction cell 
type. FSF is well-known to improve the front side 
passivation [3, 4]. In Fig. 2 the PC1D [5] simulations ofthe 
influence of the front surface recombination velocity 
(So, front) on the back-junction back-contact cell 
performance is shown. Efficiency of the back-junction 
cells with a FSF is high in a very wide range of So/ront. In 
contrast, the efficiency of the cells without the FSF 
decreases rapidly as the So, front increases. Thus, the 
application of the FSF enables a very good cell 
performance even for non-ideal surface passivation. The 
ability of the FSF to improve the effective front side 
passivation of the cells with higher So, front is especially 
important for the manufacturing of the high-efficiency cells 
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 (a) 

(b) 

Figure 5.6 Two-dimensional numerical simulations and measured values of the (a) FF 
& (b) series resistance on the back-junction back-contact Si solar cells as 
a function of the pitch size for two different base material c-Si wafer 
resistivities reveal the effect of FSF. (a) Reprinted from Ref. [155], 
Copyright 2008 IEEE. (b) Reprinted from Ref. [156], with Copyright 
2008 John Wiley and Sons. (IEEE does not require individuals working 
on a thesis to obtain a formal reuse license) 

n-metal finger p-metal finger 

Figure 4. Schematic drawing of the effect of the enhanced 
lateral current transport of the majority carriers via the 
front surface field (symmetry element of the cell is shown). 
For simplicity the front side texture is not shown. The 
lateral current transport through the FSF (b) can be seen 
as an additional transport path to the base lateral 
resistance (a). 

Table I. Geometry parameters of the rear side of the 
back-contacted solar cells with different pitches. 

Structure 
Emitter [!.1m] 

Base [!.1m] 
Pitch [!.1m] 

Emitter fraction [%] 

A 
700 
600 
1300 

54 

B 
1200 
600 
1800 

67 

C 
1600 
600 

2200 
73 

D 
2900 
600 

3500 
83 

A schematic cross-section of the BC-BJ n-type Si solar 
cell structure 2analyzed in this paper is shown in Fig. 1. 

2 x 2 cm cells were fabricated from n-type, 200 !.1m 
thick float-zone (FZ) silicon wafers. Specific base 
resistivities of 1 and 8 Q cm were chosen. The front side 
is textured with random pyramids and passivated with a 
lightly doped (Npeak= 5x10 18 cm-3) and deep diffused 
(1.4 !.1m) phosphorus front surface field (FSF) diffusion 
with the sheet resistance of 148 Q/sq. Our investigations 
of the surface passivation quality of different FSF diffusion 
profiles were presented in Ref 6. The front surface was 
then passivated with a thin thermally grown silicon dioxide 
layer and a PECVD silicon nitride (SiN x) antireflection 
coating. Both emitter p+ and back surface field n+ 
diffusions are separated by an undiffused gap. The rear 
cell surface is passivated with silicon dioxide. Metal 
fingers are contacted to the diffused regions through local 
openings in dielectric layer. The cells were annealed in 
forming gas atmosphere. Prior to measurements, the cells 
were removed from the host wafer by the means of laser 
cutting with an edge distance of 500 !.1m from active cell 
area. Next to the solar cells processing, two-dimensional 
device simulations using a numerical device simulation 
program Sentaurus Device™ [9] were performed. 

IMPACT OF THE FSF ON THE FILL FACTOR AND 
THE LATERAL CURRENT TRANSPORT 

The fill factors of the processed cells with different pitches 
are shown in the Fig. 5. As one would expect, the FF 
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decreases as the pitch increases due to increased lateral 
resistance in base. For the cells with specific base 
resistivity of 1 Q cm and with the FSF, the increase of 
pitch from 1.3 to 3.5 mm results in a FF drop of about 1 % 
absolute. The FF of the 1 Q cm cells without the FSF is 
around 1 %abs lower than the FF of the cells with the FSF. 
The impact of the FSF on the lateral resistance losses 
and on the FF is even more pronounced for the cells with 
the 8 Q cm specific base resistance. Here much lower fill 
factors were obtained. For the pitch of 1.3 mm a maximum 
FF of 79 % and 78 % for cells with and without FSF 
respectively was measured. When reaching the largest 
pitch of 3.5 mm, the FF dropped to 76 % for cells with FSF 
and to 63 % for cells without FSF. Thus, the increase of 
the pitch form 1.3 to 3.5 mm caused a FF drop by 3 %abs 
for the cells with FSF, and for the cells without the FSF 
the FF dropped drastically by 13 %abs. 
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Figure 5. Fill factor of the processed cells and 
two-dimensional numerical simulations as a function of 
the pitch for two different base resistivities. Results for the 
cells with (,osheet = 148 Q/sq) and without FSF diffusion are 
shown. The data points represent a mean value of the 
experimental results. Lines represent the 2D simulation 
results. 

to the measured fill factor values, also the 2D 
Simulations are shown in Fig. 5. A good agreement 
between the experimental and 2D simulation results can 
be observed. These results clearly demonstrate that the 
FSF significantly reduces the series resistance losses and 
thus improves FF in comparison to cells without FSF. The 
effect of enhanced current transport in FSF is stronger for 
larger pitches, where the base lateral resistance 
dominates the resistance losses of the cell. Moreover the 
additional impact of the FSF is, as expected, a of 
the base doping. For higher base resistivity (8 Q cm) and 
large pitch distance (3.5 mm) the FF of the cells with FSF 
is up to 13 %abs higher than the FF of the cells without the 
FSF. In this experiment the best cell efficiency of 21.3 % 
(designated cell area measurement) was obtained for a 

resistivity of 1 Q cm and a pitch of 1.8 mm. Optimum 
pitch was found to be 1.8 to 2.2 mm. This optimum 
represents the best trade-off between emitter coverage on 

1.2mm for 1V cm and 3.5mm for 8V cm. These
diffusion lengths are significantly higher than four
times wafer thickness, and are high enough to enable
nearly perfect minority carrier collection by the rear
junction. In the 2D simulations the same Shockley-
Read-Hall bulk lifetime of 1ms was assumed for both
1 and 8V cm base materials. However, even with the
same bulk lifetime for 1 and 8V cm solar cells, the
simulations show a difference in JSC. The reason of
the JSC differences between 1 and 8V cm wafers is the
increased front surface recombination in the case of the
1V cmmaterial in comparison to 8V cm. A significant
difference in the internal quantum efficiency (IQE) at
short wavelengths between 1 and 8V cm solar cells
was measured. IQE of the 1V cm solar cells with pitch
of 2200mm equals 94% for wavelength of 400 nm.
IQE of the 8V cm solar cells with pitch of 2200mm
equals 97% for the same wavelength. The difference
between the JSC of cells with both base resistivities
determined by the integration of the solar spectrum
with the both measured IQEs equals 1.8mA cm!2.
This difference is in a good agreement with the
measured values presented in Figure 4. The effect of
the increased front surface recombination in the case of
the 1V cm material in comparison to 8V cm has been
comprehensively investigated by Hermle et al.14

In opposition to JSC, the FF decreases as the pitch
increases due to increased lateral resistance in base, as
shown in Figure 5. In order to investigate the pitch

related resistance losses, the total series resistance RS

of the processed cells was determined. The series
resistance was determined by comparing the Suns-VOC

curve15 with the one-sun IV-curve. For more details on
this method to determine the series resistance see for
example.16 The experimentally determined series
resistance is presented in Figure 6 together with the
analytical series resistance modelling.

Since the series resistance reduces the maximal
output power of the solar cell, the analytical model
should describe the series resistance at the maximum
power point (MPP) conditions. The base resistivity
depends strongly on the density of the electrons in the
base, and hence can be influenced by the cell operating
conditions. Therefore, in order to correctly describe the
impact of the base resistance on the total series
resistance of the solar cell, the base conductivity
modulation at MPP conditions should be taken into
account. In the Figure 7 the two-dimensional
simulation of the electron density in the base in the
voltage range of 0.3–0.7 V is presented. The voltage at
maximum power point for 1 and 8V cm base
resistivities is marked in the graph. The electron
density at MPP is higher than the base doping. The
base resistivity at MPP is therefore reduced in

Figure 5. Two-dimensional numerical simulations and
measured values of the fill factor of the BC-BJ Si solar cells
as a function of the pitch distance for two different base
resistivities. Results for the cells with (rFSF¼ 148V/sq) and
without FSF diffusion are shown. The data points represent a
mean value of the experimental results. Lines represent 2-D

simulation results

Figure 6. Series resistance of the BC-BJ Si solar cells with
different pitches. Results of the cells on 1 and 8V cm bulk
resistivity and with and without the 148V/sq front surface
field are presented. The data points represent the mean
experimental resistance values of 1–4 cells. The lines
represent the simple analytical series resistance model, in
which the lateral current transport in the front diffused nþ

layer was taken into account as described by equation 1. In
the analytical model the base specific resistivity was adjusted
for the conductivity modulation at the maximum power point

Copyright # 2008 John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. 2009; 17:47–56
DOI: 10.1002/pip
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Not only wafer resistivity, pitch dimension is another factor where the effect of 

FSF to enhance lateral current transport is stronger for larger pitches, since the base 

lateral resistance dominates the resistance loss of the device and the larger pitch size 

makes longer carrier transport distance. With a larger pitch size, the RS increased and 

therefore the FF decreased due to the increase of lateral resistance in the base material. 

The pitch size of the IBC-SHJ solar cell in our work is 850 µm, therefore the reduction 

of RS and improvement of FF with FSF contributed by enhanced lateral carrier 

transport in our IBC-SHJ solar cell may not be obvious according to the simulation 

and experimental results presented in Figure 5.6. 

 

5.5 Conclusion 

In this work, three different FSF structures have been studied to improve 

surface passivation and device performance, mainly focusing on the improvement of 

lateral carrier transport and therefore FF by the reduction of RS. These three front 

structures are: 1) n+ diffusion / SiNx / SiC; 2) i (8nm) / n  (20nm) / SiNx / SiC; 3) n 

(40nm) / SiNx / SiC, which were all compared to standard structure i (8nm) / SiNx / 

SiC. However, no any significant improvements have been identified using these three 

FSF studies, although the n+ - diffused sample showed higher τeff after the deposition 

of all stack layers (Table 5.5). The best cell performance of 20.2% in our work has the 

standard front structure i (8nm) / SiNx / SiC. The original surface passivation level 

before FSF, the wafer resistivity, and the pitch size are all possible factors influencing 

the magnitude of FSF effect on device performance that we need to consider in our 

experiments. Moreover, the front structures using n. a-Si:H had lower JSC, and the loss 
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of JSC was due to lower blue response caused by the absorption loss and insufficient 

surface passivation.  
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SURFACE DEFECT PASSIVATION AND REACTION OF C-SI IN H2S 

 

The contents of this dissertation chapter have been adapted from a manuscript 

published in Langmuir:  H.Y. Liu, U. Das, R. Birkmire, “Surface Defect Passivation 

and Reaction of c-Si in H2S” Langmuir, vol. 33, no. 51, pp. 14580–14585, Dec. 2017. 

Copyright 2017 American Chemical Society. Reprint permission is granted for 

individuals working on a thesis / dissertation. 

 

6.1 Summary 

A unique passivation process of Si surface dangling bonds through reaction 

with H2S is demonstrated is presented in this chapter. The passivation level of τeff > 

2000 µsec corresponding to a SRV of < 3 cm/sec was achieved over a temperature 

range of 550 – 650 ºC using H2S treatment. XPS confirmed the bonding states of Si 

and S, and provided insights to the reaction pathway of Si with H2S and other impurity 

elements both during and after the reaction. Quantitative analysis of XPS spectra 

showed that the τeff increases with an increase in surface S content up to ~ 3.5% and 

stabilizes thereafter, which is indicative of surface passivation by mono-layer coverage 

of S on the Si surface. However, S passivation of the Si surface is highly unstable due 

to thermodynamically favorable reaction with atmospheric H2O and O2. This 

Chapter 6 
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instability was eliminated by capping the S-passivated Si surface with a protective thin 

film such as low temperature deposited a-SiNX:H. 

 

6.2 Introduction 

The trend of the PV industry is towards thinner c-Si wafers and higher solar 

cell efficiency, which makes the passivation of the c-Si surface an extremely critical 

issue [37]. Excellent surface passivation quality with low SRV below 10 cm/sec has 

been achieved by primarily by two distinct mechanisms: 1) reduction of surface 

dangling bonds using either SiO2 or a-Si:H, and 2) inducing a surface field to repel 

one type of carrier from the surface using either Al2O3, or a-SiNx:H.  

SiO2 passivation is the most popular and widely accepted method and is 

achieved by dry oxidation at temperature ~1050 ºC or by wet oxidation at lower 

temperature ~850 ºC where the oxygen reacts with Si surface reducing the number of 

dangling bonds [40], [164], [165]. a-SiNx:H passivation is performed at temperature 

~450 ºC using PECVD, which not only passivates the surface but also acts as a front 

surface anti-reflection coating [166], [167]. The passivation using a-SiNx:H is 

attributed to the presence of positive fixed charge, making it suitable for n-type c-Si 

[82], [167]. Al2O3, which is commonly processed by ALD, also passivates the Si 

surface by field effect where a negative fixed charge is formed and is appropriate for 

passivation of p-type c-Si [72], [168]-[170]. The thin, below 10 nm layer of i. a-Si:H 

deposited by PECVD at low temperature (< 250 ºC) provides excellent surface 

passivation in a-Si/c-Si HJ cell but cannot withstand downstream process temperatures 

higher than 300 ºC [62], [171], [172]. Additionally, efficient light absorption in the a-

Si:H introduces optical loss when used as a front surface passivation layer [24]. 
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The theoretical calculation reported by Kaxiras [173] indicated that group VI 

chalcogen elements, S and Se, can act as proper valence mending adsorbates for Si 

surface restoration. Several experimental studies have reported the possibility of using 

a monolayer of S to terminate Si dangling bonds and restore Si (100) surface by S 

residing at the bridge position of Si-Si, which were mainly characterized by low 

energy electron diffraction and Auger electron spectroscopy [174]-[177]. Ali et al 

[178] have evaluated the potential of S to reduce Si surface defects using S-containing 

chemicals in a mixture of ammonium hydroxide and ammonium sulfide. The 

ammonium hydroxide removes silicon oxide in-situ from the Si surface exposing a 

clean Si (100) surface, which is then passivated by ammonium sulfide. The reduction 

of surface defect states was evaluated by forming Schottky barriers contacts, which 

were characterized by current-voltage, capacitance-voltage, and activation energy 

[179]. Zhang [180] later published similar approaches using S for n-type and p-type Si 

(100) surface passivation through chemical vapor deposition at 750 ºC using H2, HCl, 

and H2S gas mixture. A similar characterization strategy was used in Zhang’s work, 

where metals were deposited on S-passivated Si surface for Schottky barrier height 

characterization. The Schottky barriers exhibited a higher sensitivity to the work 

function due to reduced Si surface states. However, there is no direct experimental 

evidence that demonstrates the effectiveness of S passivation for c-Si where τeff and 

SRV were measured. 

In this chapter, the c-Si surface is passivated by the reaction with H2S as a 

precursor gas at a temperature range of 550 - 650 ºC. The τeff and SRV were used to 

evaluate surface passivation quality and XPS was performed to determine the Si 
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surface bonding states before and after reaction. Additionally, the stability of S-

passivated Si surface is also discussed. 

 

6.3 Experimental 

150 µm 8-10 Ω•cm n-type Cz Si (100) wafers with both planar and textured 

surfaces were used to evaluate the sulfur passivation. Prior to H2S reaction, the wafer 

surfaces were cleaned and prepared using the following steps: 1) Solvent with 

ultrasonic agitation; 2) 5 min in a mixture of H2SO4 : H2O2 (3:1) to remove 

hydrocarbon; 3) Oxide removal in 10% HF; 4) Surface etching by reaction in HNA, a 

mixture of HF and HNO3 (1:100); 5) formation of H-terminated surface by immersion 

in a 10% solution of HF for 1 min.  

The reaction was performed in a custom-built quartz tube (5 cm diameter) 

CVD reactor using H2S gas with 99.5% purity (Table 6.3). The primary impurities in 

H2S source gas consist of: nitrogen, water vapor, and hydrocarbon. The concentration 

of H2S was controlled by dilution in argon (Ar). A heating jacket surrounding the 

quartz tube controlled the reaction temperature. A sheathed K-type thermocouple was 

used for temperature monitoring and was positioned inside the tube, under the sample 

holder. The Si wafers were held vertically on a graphite holder so that both surfaces of 

the wafer were passivated simultaneously in H2S reaction.  

The Si wafers were loaded into the reactor immediately after the HF dip, and 

the system was pumped down to below 10-6 Torr. The reactor was filled with H2S/Ar 

gas to 525 Torr at room temperature. The temperature of the quartz tube reactor was 

then ramped up in 30 min to the set point for temperatures ranging from 450 to 650 ºC 

and the wafers were reacted for 30 to 240 min. The system was then cooled down in 
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the H2S/Ar to 250 ºC, followed by purging in Ar flow to cool the reactor to room 

temperature before unloading.  

The Si surface passivation quality was characterized by measuring τeff using 

the photoconductance decay (PCD) method where all values of τeff are reported at 

minority carrier density of 1015 cm-3.  The SRV was then calculated from Equation 

(6.1) using the measured τeff. The 1/τb term was neglected in the calculation since bulk 

lifetime, τb is much larger than the surface lifetime, τs due to the high quality of the c-

Si wafer. The 1/τs term was approximated as 2S/W where S is the SRV and W is the 

wafer thickness. 

 
1
τ eff

=
1
τb
+
1
τ s
≅
2S
W

      (6.1) 

 

To evaluate the Si surface composition, the surface chemical states were 

characterized using XPS to measure the binding energy using Al K-α monochromatic 

source at 1486.6 eV with a spot size of 100 µm and a takeoff angle of 90º. The 

samples were transferred in a vacuum-sealed vessel without exposing the sample to air 

from H2S reactor to XPS instrument. Sequential Ar+ ion sputtering was used for 

profiling, where the ion gun beam voltage used was 1 keV with a sputter raster size of 

1×1 mm. The average etch rate was calculated from the depth measurement by 

atomic-force microscopy (AFM) and the sputtering depth was thereafter estimated 

from etch rate for any duration of sputtering. Wide surveys and regional fine scans 

were used for elemental and chemical state identification, where all deconvolution and 

fitting of measured data were processed in CasaXPS [130] using general forms of 

Gaussian and Lorentzian line shapes (GL), with a standard Shirley background 
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subtraction. For quantification of each element on the analyzed area, relative 

concentrations of the various constituents were presented, which had 100% 

representing the sum of all the detected elements, and the concentration of each 

element was determined by the fraction of its peak areas corrected by relative 

sensitivity factor [128], [181]. 

 

6.4 Results and Discussion 

6.4.1 Effect of Reaction Temperature on τeff 

The change in τeff of planar and textured c-Si measured after reaction in H2S at 

temperatures from 450 to 650 ºC for 30 min are shown in Figure 6.1, measured in the 

initial state, immediately after reaction. The τeff is consistently lower for the textured 

wafers most likely due to the greater exposed surface area. However, both follow 

similar trends reaching a maximum τeff of ~2000 µsec for the planar and ~1300 µsec 

for the textured with SRV of 3.2 cm/sec and 5.4 cm/sec respectively. These 

passivation levels are comparable to those we typically achieved with 10 nm of i. a-

Si:H using similar wafers and surface cleaning [146]. The SRV values are also 

comparable to the SRV reported by others using a-SiNx:H [82], [167], AlOx [169], 

[182]-[184], and SiO2 [40], [164], [185]. 
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Figure 6.1 Initial τeff at minority carrier density of 1015 cm-3 on planar and textured Si 
(100) wafers right after reaction with 3.5% H2S diluted in Ar at different 
temperatures for 30 min.  

 

6.4.2 Surface Bonding States 

The Si 2p, S 2p, and O 1s regions of XPS spectra of the c-Si surface after 

cleaning, after annealing in Ar at 550ºC, and after reaction in H2S at 550ºC are shown 

in Figure 5.2. Bonding states associated with Si, S, and O were identified. 
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Figure 6.2 XPS measurements for three elements detected on the surface: Si, S, and O 
for three Si surfaces; (i) clean Si (top row), (ii) clean Si reacted in 100% 
Ar at 550ºC for 30 min (middle row), and (iii) clean Si reacted in 3.5% 
H2S diluted in Ar at 550ºC for 30 min (bottom row). Red, blue, and black 
lines represent measured XPS data, deconvoluted spectra and composite 
spectra respectively.  

 

For the clean c-Si wafer with a H-terminated surface only the Si-Si 2p bonding 

states at 99.4 eV were observed [128], [186], verifying the “cleanliness” of Si surface.  

H-terminated clean Si surface was annealed in Ar at 550ºC for 30 min using the same 

reaction parameters as H2S reaction in Ar dilution. Only the Si-Si 2p chemical states 

were detected in the XPS scan, verifying the “cleanliness” of Si surface and ensuring 

that the surface did not change upon annealing in Ar atmosphere. 

After the reaction of the c-Si wafer with a H-terminated surface with H2S at 

550 ºC for 30 min, multiple peaks in Si 2p spectrum were observed. In addition to Si-

Si peaks at 99.4 eV [128], [186], other peaks corresponding to SiOx [187], SiO2 [186], 

and SiS2 [188] were identified. SiS2 peaks have binding energy only 0.3 eV lower than 

In
te

ns
ity

 (
a.

u.
)

108 104 100 96

Binding Energy (eV)

3.5% H2S reaction

Ar annealing

Clean Si
Si-Si

Si-Si

Si-Si

Si-Ox
O-Si-O 

Si 2p

S-Si-S

In
te

ns
ity

 (
a.

u.
)

172 168 164 160

Binding Energy (eV)

Clean Si

Ar annealing

3.5% H2S reaction
S-Si-S

S 2p

In
te

ns
ity

 (
a.

u.
)

540 536 532 528

Binding Energy (eV)

Clean Si

Ar annealing 
 

3.5% H2S reaction
O-Si-O

Si-Ox

O 1s



 134 

SiO2 peaks in Si 2p spectrum, making peak deconvolution challenging. However, the 

corresponding bonding state of SiS2 is observed in the S 2p spectrum with binding 

energy of 162.4 eV [189]. Additionally, in O the 1s spectrum, two bonding states of O 

to Si were observed for SiO2 and SiOx [190], which are expected since these two 

chemical states were concurrent with those identified in Si 2p spectrum. The observed 

O on Si surface implied the existence of oxygen source in the reaction system.  

To determine whether the passivation was controlled by S or by O, a Si wafer 

with the cleaning process discussed above was annealed in 4% O2 in Ar at a 

temperature and time same as the H2S reaction (550 ºC, 30 min). XPS spectra in 

Figure 6.3 show the presence of O at the Si surface in both H2S reacted and O2/Ar 

reacted samples, and not surprisingly, no S peak is observed for the O2/Ar reacted 

sample. The results of the XPS quantitative analysis along with the measured τeff are 

summarized in Table 6.1, demonstrating that S originating from the H2S reaction is 

required for Si surface passivation, achieving τeff ~1500 µsec. No surface passivation 

was contributed by O2 / Ar annealing although an adequate amount of surface oxide 

was formed. The existence of S-Si-S bonding state can also be confirmed by 

comparing the full width at half maximum (FWHM) of measurement peaks at 

103~104 eV in Si spectra. In Figure 6.3, the measured S-Si-S / O-Si-O peak in Si 

spectrum from H2S reaction sample had FWHM 1.72, compared to the measured O-

Si-O peak in Si spectrum from O2 / Ar annealing sample had FWHM 1.45. Larger 

FWHM from H2S reaction sample indicated the presence of additional bonding states. 
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Figure 6.3 The comparison of Si surface by XPS measurements on Si wafers reacted 
in 3.5% H2S/Ar and 4% O2/Ar at 550ºC for 30 min. Red, blue, and black 
lines represent measured XPS data, deconvoluted spectra and composite 
spectra respectively.  

 

Table 6.1 XPS analysis of each component on Si surface and the passivation level 
after process indicates no passivation effect after O2/Ar annealing. 

Process Si% S% O% τeff (µsec) 

3.5% H2S/Ar 68.0 4.6 27.4 1497 

4% O2/Ar 52.9 0.0 47.1 4 

 

6.4.3 Origin of Oxygen 

To identify the origin of oxygen, a series of experiments were performed. The 

XPS spectra in Figure 6.2 for clean Si sample and Ar annealing sample indicated the 
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cleanliness of c-Si surface and the vacuum level of the chamber is able to maintain the 

initial status of c-Si surface without forming any oxide upon Ar annealing. Further, to 

realize the possible source of oxygen, experiments with different temperature, time, 

and H2S% in Ar dilution. The concentrations of three elements Si, S, and O in each 

reaction run are listed in Table 6.2. 

 

Table 6.2 Concentration of Si, S, and O on c-Si surface after H2S reactions, studies 
include different temperature, duration, and H2S concentration.  

Temperature Time H2S% XPS 
Si S O 

550 ºC 0.5 hr 100% 57.3% 2.5% 40.2% 
600 ºC 0.5 hr 100% 48.8% 1.7% 49.5% 
550 ºC 0.5 hr 26% 60.0% 5.7% 34.3% 
550 ºC 2 hr 100% 21.1% 0.6% 78.3% 
550 ºC 4 hr 100% 19.9% ~0% 80.1% 
550 ºC 17 hr 100% 17.7% 0% 82.3% 

 

From Table 6.2 it is clear shown that the higher reaction temperature, longer 

reaction duration, and higher H2S% (100% means without Ar dilution) resulted in 

higher concentration of O. These observations indicated that oxidation happened 

during the reaction, instead of before or after the reaction. Higher reaction temperature 

made oxidation more active. Longer reaction duration forming more oxide on the 

surface suggested that more and more O replaced S which is originally bonded to Si 

over time. H2S reaction without any Ar dilution caused more oxide on the surface. All 

these may indicate O in the reaction system came from H2S cylinder, which is highly 

possibly from the impurity in the cylinder. This conclusion is consistent with what has 
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been found from the comparison between H2S reacted wafer and O2 annealed wafer. 

The XPS spectra of H2S reacted wafer and O2 annealed wafer also suggested that the 

impurities in the H2S are likely the origin of the oxide. The certificate of analyses in 

Table 6.3 for the H2S source gas indicated as much as 500 ppm of water vapor 

(H2O(g)) is present, which cannot be safely and completely eliminated.  

 

Table 6.3 Certificate of Analyses showed impurity level in H2S cylinder  

N2 H2O CO2 THC 
< 500 ppm < 500 ppm < 500 ppm < 3000 ppm 

 

6.4.4 Reaction Pathways for Si Surface Passivation 

The possible reactions of the c-Si surface with H2S were evaluated as 

equilibrium reactions to provide relative estimates of the Gibbs free energies, ΔGrxn, 

calculated at 550 ºC for Equations 6.2 – 6.4: 

 

Si(s) + 2H2S(g) → SiS2(s) + 2H2(g)   ΔGrxn=-112.4kJ/mol@550ºC, Keq=1.36E+7    (6.2) 

Si(s) + 2H2O(g) → SiO2(s) + 2H2(g)   ΔGrxn=-355.6kJ / mol@550ºC, Keq=3.72E+22 (6.3) 

SiS2(s) + 2H2O(g) → SiO2(s) + 2H2S(g)  ΔGrxn=-243.2kJ/mol@550ºC, Keq=2.73E+15 (6.4) 

 

On the basis of the Gibbs free energy of reaction, both the H2S(g) and H2O(g) are 

thermodynamically favored to react with Si, where a negative ΔGrxn is indicative of 

favorable reaction kinetics. Further, the product, SiS2(s), from the reaction between Si 
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and H2S(g) can easily be oxidized in presence of any H2O(g) in the reactor [Equation 

6.4]. As the reaction proceeds, the Si surface is converted to SiS2(s) and SiO2(s) 

following reactions 6.2 and 6.3. The reaction between SiS2(s) and H2O(g) continues 

until all the SiS2(s) is converted to SiO2(s). Thus even the small concentration of H2O(g) 

in the source H2S(g) (< 500 ppm) can lead to much higher concentration of O at the Si 

surface as detected in the XPS spectra. 
 

6.4.5 Effect of Sulfur, Oxygen, and Hydrogen on Passivation Level 

Figure 6.4 shows the XPS concentration profiles for S and O obtained by 

sequential Ar+ ion sputtering for c-Si wafers reacted at 550ºC for 30 min using 

different H2S concentration in Ar.  The τeff evaluated immediately after the reaction is 

also included in the figure representing the initial passivation level along with the 

estimated thickness, d, of the Si-S layer.  
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(a) 

(b) 

 

Figure 6.4 S and O depth profiles determine from XPS characterization with 
sequential Ar sputtering for the samples reacted at 550ºC for 30 min in 
different H2S concentration in Ar. Measured initial τeff and d values are 
listed in the legend. 
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The reaction with 25% H2S has the highest S concentration at the surfaces 

~5.5% while the wafer reacted with 100% H2S had below 2% of S on Si surface. The 

lower S concentration in 100% compared to 25% H2S results from 1) the reaction of 

H2O(g) directly with the Si surface to form SiO2(s), which has a ΔG of -355.6 kJ/mol 

with an equilibrium constant > 1022 [Equation 6.3] and 2) the H2S reacts with Si to 

form SiS2(s), which then reacts with H2O(g) to form SiO2(s) [Equations 6.2 and 6.4]. 

Thus, there were competing reactions occurring during the 30 min reactions that are 

dependent on the H2S concentration. Sequential Ar+ ion sputtering showed that the 

depth of S in Si is thicker for the reaction with 100% H2S, ~5 nm, compared to the 

depth of ~1.5 nm for 3.5% H2S and ~2.5 nm for 25% H2S reactions. The O depth 

profiles were nearly identical for the wafers reacted in 3.5% and 25% H2S, where the 

estimated depth, d, were 3 and 3.5 nm respectively. The depth of the O for the100% 

H2S reaction was ~6 nm compared to the sulfur depth of ~5 nm. 

No correlation between τeff and surface O% was found in Figure 6.4 (b), 

indicating that the O% does not play a significant role in the surface passivation. 

Further, there is a correlation between τeff and surface S% for the different H2S 

reaction concentrations in Figure 6.4 (a), where a higher concentration of S at the 

surface results in an increase in τeff, indicating a better surface passivation quality. A 

definitive relationship between surface S% and τeff was found for the samples reacted 

at different reaction conditions including temperatures, times, and H2S concentrations, 

and the results are shown in Figure 6.5 (a). However, no similar correlation between 

surface O% and τeff in Figure 6.5 (b) can be found from the same batch of samples 

reacted at different temperatures, times, and H2S concentrations. 
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Figure 6.5 The variation of initial τeff with the surface S% (a) / O% (b) estimated 
from XPS. The S% / O% was varied by H2S reactions at different 
temperatures, times, and concentrations. 

 

Hydrogen arising from dissociation of H2S can also potentially passivate Si 

surface, which cannot be detected by XPS. Therefore, Figure 6.6 showed FTIR 

measurements of the H2S reacted samples were carried out in a N2 purged 

spectrometer, but no Si-Hx bonding peaks were detected, which would be at 

2000~2200 cm-1. The absence of any Si-Hx bond is likely due to the reaction 

temperature of > 450ºC, at which H is known to desorb out from Si lattice [189], 

[191]. It also has been reported that the reaction of H2S with Si at the temperature 

range 525ºC~625ºC leads to H2 desorption accompanied by diffusion of S into Si 

crystal [192]. The range of IR absorption peaks of SiS2 has the highest possibility 

between 800 cm-1 and 1200 cm-1, which is correspondent with our observation in the 

FTIR work [193]. 
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Figure 6.6. FTIR observation of H2S-reacted Si sample, demonstrating no Si-HX on the 
reacted Si surface contributing to surface passivation. 

 

6.4.6 Degradation and Stability of Surface Passivation 

The stability of SiS2 passivation layer was evaluated for c-Si wafers after 

exposure in air for extended periods of time and Figure 6.7 shows the change in τeff 

after the air exposure. It is clearly seen that the τeff of S-passivated Si degrades 

appreciably by air exposure. 
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Figure 6.7 The stability of surface passivation evaluated by change in τeff with storage 
time in air. 

 

Comparing Figures 6.4 (a) and Figure 6.7, the change in τeff with time directly 

correlates with the depth of S in Si. For the 3.5% H2S reaction with S depth of ~ 1.5 

nm, the τeff degraded from 1497 µsec to ~100 µsec in only 70 min and for the wafer 

reacted in 25% H2S degraded from 1737 µsec to ~100 µsec in 300 min. However, the 

wafer reacted in 100% H2S resulting in a SiS2 thickness of ~5 nm took ten days to 

degrade from 1112 µsec to ~100 µsec confirming that the higher concentration of H2S, 

which increases the thickness of the SiS2, provides improved stability over time. Such 

degradation of τeff can be explained by considering the unstable nature of SiS2 in air, 
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which converts to SiO2. The reaction pathways for the formation of SiO2 are 

thermodynamically favored for SiS2 with both H2O(g) and O2(g) [194], [195] at room 

temperature having ΔGrxn of: 

 
SiS2(s) + 2H2O(g) → SiO2(s) + 2H2S(g)  ΔGrxn=-253.4kJ / mol@25ºC  (6.5) 

SiS2(s) +O2(g) → SiO2(s) + S2(g)   ΔGrxn=-563.5kJ / mol@25ºC  (6.6) 

SiS2(s) +3O2(g) → SiO2(s) + 2SO2(g)  ΔGrxn=-1244.2kJ / mol@25ºC (6.7) 

 

In Table 6.4, the bond association energies for Si with Si, H, O, and S indicate 

the strongest bonding is between Si and O.  

 

Table 6.4 Bond association energies (kJ/mol) among elements Si, O, S, and H. 

Si-Si Si-S Si-O Si-H S-O S-S 
327 619 798 298 522 429 

 

A simple mitigation strategy to eliminate the passivation degradation was 

achieved by capping the SiS2 passivation layer using a low temperature deposited thin 

a-SiNx:H films. An 80 nm thick a-SiNx:H film was deposited by PECVD at 300 ºC to 

protect the SiS2 from exposure to air. Figure 6.8 shows the change in τeff as a function 

of time for wafers with and without the a-SiNx:H protective layer. The initial τeff was 

~2000 µsec for both samples and τeff degraded to ~100 µsec in 65 min for the 

unprotected SiS2 layer [Fig. 6.8 (a)], while the wafer capped with a-SiNx:H after H2S 
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reaction remained stable for months with no degradation [Fig. 6.8 (b)]. The a-SiNx:H 

layer alone deposited at 300 ºC on c-Si surface  provide a surface passivation with τeff 

of 30 µsec due to the low deposition temperature, which was also observed in our 

previous work [196]. The τeff of symmetric a-SiNx:H deposited on clean c-Si surface 

was stable over time [Fig. 6.8 (b)]. Thus, the surface passivation achieved from the 

reaction of H2S by forming SiS2 on the c-Si surface can be stabilized by depositing a 

thin a-SiNx:H layer. The a-SiNx:H layer can also be used as antireflection coating by 

controlling the thickness of the layer which is widely used in Si solar cells [86]. 
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Figure 6.8. (a) Degradation of τeff of a S-passivated Si with time in air  (τeff ~ 2000 
µsec degraded to < 100 µsec in 70 min). (b) Change in τeff with time in 
air for a S-passivated Si coated with 80 nm a-SiNx:H deposited at 300 ºC 
exhibits stable passivation level over time. A low (τeff ~ 30 µsec) but 
stable τeff is also observed for the Si passivated by only a-SiNX:H layer. 

 

6.5 Conclusion 

The reaction of c-Si in H2S gas at temperatures ranging from 550 to 650 ºC 

provides excellent surface passivation for c-Si associated with the formation of SiS2 

surface layer resulting in τeff of ~2000 µsec and SRV below 3 cm/sec. XPS analysis 

shows a surface concentration of S > 3.5% is required, however, presence of 

significant amount of O was also found associated O impurity in the gas H2S. A 

separate reaction in O2/Ar gas mixture produced a similar level of surface O content, 

confirmed by XPS, but did not provide any surface passivation of the c-Si. Therefore, 

we conclude that the Si surface passivation is due to H2S, where the bonding state S-

Si-S reduces the Si surface states. Degradation of the τeff from air exposure of SiS2 due 

to hydrolysis and oxidation was eliminated by capping the Si surface with a-SiNx:H 

deposited by low temperature PECVD.  
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A NOVEL DEFECT PASSIVATION FOR MULTICRYSTALLINE SI WAFER 
BY H2S REACTION 

 

The contents of this dissertation chapter have been adapted from a manuscript 

published in IEEE 44th Photovoltaic Specialists Conference: H.Y. Liu, U. Das, and R. 

Birkmire, “A Novel Defect Passivation Method for Multicrystalline Si Wafer by H2S 

Reaction” 44th IEEE Photovolt. Spec. Conf., 2017. Please refer to Appendix B: Reprint 

Permission for Copyright 2017, IEEE. The IEEE does not require individuals working 

on a thesis to obtain a formal reuse license. 

 

7.1 Summary 

The passivation of mc-Si wafers by reaction in H2S is discussed where the τeff 

was measured to evaluate the improvements of the bulk quality. Mc-Si τeff improved 

to >200 µsec due to bulk and surface passivation by H2S reaction, compared to 40~60 

µsec with only surface passivation by quinhydrone-methanol (QHY/ME) or a-Si:H, 

two well-developed surface passivation methods for mono c-Si. Injection level 

dependent τeff showed the reduction of both trap and recombination states for mc-Si 

passivation in H2S. τeff > 250 µsec was yielded through surface repassivation in 

QHY/ME after removal of H2S reaction-formed surface layer by wet chemical 

etching. This indicates the passivated bulk quality by H2S reaction was not affected 

even after a series of wet chemistry treatments. 

Chapter 7 
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7.2 Introduction 

Deployment of mc-Si wafer solar cells has expanded in recent years due to 

much lower cost compared to mono c-Si wafer solar cells. The greatest challenge in 

mc-Si wafer solar cell is to improve the device performance that is primarily limited 

by traps and recombination states along the grain boundaries. These recombination 

defects are detrimental to the τeff and cell efficiency [197]. 

Hydrogen passivation of mc-Si bulk defects at the grain boundaries is the most 

common method to improve mc-Si solar cell performance [90]. Several methods have 

been used to diffuse hydrogen into Si bulk for passivation such as: hydrogen plasma 

[119], low energy hydrogen implantation [198], and PECVD of a-SiNx:H [104]. 

Hydrogen plasma and hydrogen implantation have inherent limitation due to ion 

damage, making a-SiNx:H the most common method for hydrogen diffusion to reduce 

bulk defects in mc-Si. 

In this work, a new approach for mc-Si bulk defect passivation is presented 

using H2S reaction. We have previously reported that sulfur can passivate Si surface 

defects and improve τeff in mono c-Si through reaction with H2S [199], [200]. The 

concept of Si surface passivation by H2S is based on theoretical arguments that sulfur 

can be a suitable valence mending adsorbate to restore silicon surface [173]. Besides 

being a proper candidate for Si surface restoration, sulfur has the highest diffusivity in 

Si among all group VI elements and the potential for bulk defect passivation. Han 

et.al. [192] reported that reaction of H2S with Si (100) surface consisted of H2 

desorption accompanied by diffusion of sulfur into bulk Si at elevated temperature. 

Comparing to hydrogen, the double valence of sulfur could passivate double dangling 
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bond sites along grain boundaries, while hydrogen can only passivate single dangling 

bond sites.  

Saha et al. reported the passivation of mc-Si bulk using H2S reaction [201], 

with the best passivation results leading to τeff ~ 25 µsec at H2S reaction temperature 

525ºC, followed by post-annealing at 500ºC. However, the apparent τeff curve as a 

function of minority carrier density (Δn) displayed an obvious trap effect at low 

injection level, which implies presence of significant number of traps in the bulk. 

 

7.3 Experimental 

N-type 190 µm mc-Si wafers with resistivity 3.0 Ω-cm were cleaned using the 

following sequential steps: 1) solvent cleaning with ultrasonic agitation; 2) piranha 

oxidation in a mixture of H2SO4 and H2O2 (3:1); 3) removal of surface oxide layer in 

10% HF; 4) 2-3 µm of Si etching in an acid mixture of HF : HNO3 = 1 : 100 (HNA); 

and 5) formation of a H-terminated surface using 10% HF dip for 60 sec just prior to 

loading into the H2S reactor. N-type 145 µm monocrystalline Cz wafers with 

resistivity 5.0 Ω-cm were used as control samples, where the cleaning procedure was 

same as mc-Si wafers. 

The H2S reaction was carried out in a custom-built quartz tube CVD reactor, 

where the reaction temperature was controlled by a heating jacket and monitored by 

K-type thermocouple positioned beneath the sample holder. The tube reactor was 

evacuated to 10-6 Torr after loading the H-terminated Si samples, and then pressurized 

to 520 Torr with H2S gas at room temperature, followed by temperature ramp-up to 

the set point. All reactions were done in a static H2S environment at temperature 
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between 600ºC - 675ºC for 30 minutes. After the reaction was completed, the system 

was cooled down in static H2S to 250ºC, and then to room temperature in flowing Ar.  

Si defect passivation was also studied by two other methods for comparison 

using QHY/ME and a-Si:H. H-terminated Si wafers after the last cleaning (step 5) 

were immersed in QHY/ME solution that is known to passivate surface defects by 

organic adsorbates [202]. In another method, a thin (10 nm) a-Si:H layer was 

deposited on both sides of clean wafers at 200ºC by PECVD  as discussed elsewhere 

[171]. 

The passivation quality was evaluated by measuring injection level dependent 

τeff using a Sinton tester by PCD method. The τeff values reported in the text are at a 

minority carrier density of 1×1015 cm-3. PL images were used to evaluate the 

uniformity of surface passivation where the image was captured using silicon 

germanium detector. XPS characterization was performed on control monocrystalline 

Cz wafer with its surface passivated in H2S reaction where the samples were 

transferred to XPS without exposing to air using a vacuum-sealed transport vessel. 

 

7.4 Results and Discussion 

7.4.1 Injection Level Dependent Minority Carrier Effective Lifetime 

Figure 7.1 (a) and (b) shows the τeff as a function of Δn of monocrystalline Cz 

wafer and mc-Si wafer, respectively with three different passivation approaches. 

Excellent defect passivation for Cz wafers was achieved using all three methods: 

QHY/ME, deposited a-Si:H, and H2S reaction, where the τeff > 2000 µsec were 

achieved as shown in Figure 7.1 (a). Monocrystalline Cz wafers used in this work 



 153 

have high bulk quality, and therefore the passivation on Cz wafers can be considered 

as surface passivation only. Figure 7.1 (b), however, shows that the defect passivation 

levels are different for three different methods. Moreover, the shape of the τeff curve 

for QHY/ME and a-Si:H passivated wafers are very different from the H2S passivated 

wafer. The anomalous increase in τeff at low injection level (< 1×1015 cm-3) for 

QHY/ME and a-Si:H passivated samples indicate presence of trap states as commonly 

observed in poorly passivated mc-Si due to presence of dislocation and grain 

boundaries [203], [204]. At a low injection level, the excess carrier density becomes 

comparable to the trap states density [203], [205]. This increases the photo 

conductance and hence the carrier lifetime estimated from PCD [204]. The H2S 

passivated wafer shows significant suppression of this apparent increase in τeff at low 

injection level due to efficient passivation of trap states. It also improves τeff at high 

injection (> 1×1015 cm-3), which is indicative of efficient passivation of recombination 

states. Therefore we conclude that QHY/ME and deposited a-Si:H layer can not 

effectively passivate the trap and recombination states in mc-Si, while H2S reaction 

reduces both types of defects. 
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Figure 7.1 (a) τeff as a function of Δn of monocrystalline Cz wafers comparing three 
different Si surface passivation methods; (b) τeff as a function of Δn of 
mc-Si wafers with the same passivation methods as with Cz wafers 
demonstrating QHY/ME and a-Si:H can not passivate trap and 
recombination states in mc-Si effectively, while H2S reaction passivates 
both types of defects.  

7.4.2 Passivation Stability and Reasons Causing Degradation 

The stability of the τeff for the Cz wafers after reaction with H2S was inferior 

compared to the mc-Si wafers. This unstable surface passivation level is within 

expectation since the surface passivating SiS2 is unstable in air due to ease of 

hydrolysis and oxidation [195]. Figure 7.2 shows the degradation of τeff of a Cz wafer 

after passivation in H2S, where the initial τeff is ~2000 µsec and degraded to below 100 

µsec within 70 minutes. The mc-Si wafer has relatively better stability comparing to 

Cz wafers, as seen in Figure 7.2. The slightly degraded τeff on mc-Si is most likely 

caused by the instability of surface passivation level, which can be further understood 

in the next surface removal and repassivation work.  
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Figure 7.2 Comparison of the passivation stability after 100% H2S reaction: The Cz 
wafer τeff degraded from initial ~2000 µsec to below 100 µsec in ~18 
days with storage in air; the mc-Si wafer was relatively stable over time. 

XPS analysis of S 2p peak was performed on Cz wafers after reaction with H2S 

at 650ºC to compare the sulfur concentration and τeff before and after degradation is 

shown in Figure 7.3.  The concentration of sulfur on Si surface decreased from 4.4% 

to 1.6% concurrent with the change in τeff from ~2000 µsec to below 100 µsec. 
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Figure 7.3 XPS spectra of S 2p on a Cz Si surface after reaction with H2S at 650ºC: 
comparison of the sulfur concentration before and after degradation 
where the initial τeff is ~2000 µsec and the degraded τeff is below 100 
µsec. 
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7.4.3 Wet Chemistry Process: Surface Removal and Repassivation 

To further separate the effect of surface and bulk passivation and instability in 

τeff, a series of wet chemistry treatments for surface removal and repassivation was 

studied as shown in Figure 7.4 (a). A mc-Si wafer cleaned in HF had an initial τeff of 

only 25 µsec before H2S reaction, which increased to 208 µsec after reaction in H2S at 

650ºC for 30 minutes and is attributed to reduction of both traps and recombination 

states. The passivated mc-Si wafer was then etched in HNA solution to remove ~ 2 

µm Si layer from both surfaces and τeff after surface removal dropped down to 62 

µsec. QHY/ME was then used to repassivate the surface, resulting a τeff of 252 µsec. 

This indicates H2S reaction passivates bulk defects in mc-Si and the bulk passivation 

remains unaffected even after a series of wet chemical etching and cleaning. 

Figure 7.4 (b) exhibits the injection level dependent τeff after each processing 

step. Removal of surface layer on both sides after H2S reaction (blue curve) resulted in 

unpassivated surfaces, but the bulk passivation effect still can be seen when comparing 

with clean bare mc-Si wafer (black curve). The reduction in trap states and 

recombination states after H2S reaction (red curve) and after surface repassivation in 

QHY/ME (green curve) demonstrates the bulk passivation quality is unaffected and 

preserved during a series of wet chemistry treatments. Therefore the results in Figure 

7.4 indicate: i) H2S reaction provides both bulk and surface defect passivation 

effectively; ii) H2S-passivated bulk quality is stable over time, and the unstable τeff is 

due to degradation of surface passivation, similar to Cz wafer; and iii) the passivated 

surface can be restored and repassivated with few simple wet chemical steps without 

affecting the bulk passivation provided by H2S. This developed wet chemical process 

will allow the fabrication of surface sensitive high efficiency Si solar cell structures, 

such as a-Si/c-Si HJ solar cells on mc-Si wafer that has H2S-passivated bulk using a-
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Si:H as a surface passivation layer. The completion of device will provide approaches 

to investigate other electrical properties, such as diffusion length, emitter saturation 

current density and suitability for high efficiency solar cell structure on mc-Si with 

bulk passivated by H2S reaction. 
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(a) 

(b) 

Figure 7.4 (a) Graphic depiction of processing on mc-Si starting from HF-cleaned bare 
wafer, followed by H2S reaction for bulk and surface passivation. After 
H2S reaction, surface was removed by HNA and then repassivated by 
QHY/ME. Each step has τeff reported at 1015 cm-3. (b) Injection level 
dependent τeff after each step of processing, verifying the bulk 
passivation quality can be maintained with trap effect eliminated during 
surface removal and repassivation in wet chemistry.  
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7.4.4 Photoluminescence Images Demonstrate Improved mc-Si Bulk Quality  

The PL images of the unreacted and H2S reacted mc-Si are shown in Figure 7.5.  

The bare mc-Si with τeff 7 µsec does not display any luminescence. However, for the 

mc-Si wafer processed in H2S at 650ºC with an initial τeff = 208 µsec, there is a well-

defined PL image, demonstrating the improved bulk and surface quality after reaction 

in H2S. 

 

Figure 7.5 PL images on clean bare mc-Si wafer (left) shows no luminescence and 
(right) 650ºC H2S-passivated mc-Si wafer with a clear defined PL image. 

 

7.5 Conclusion 

H2S reaction with mc-Si provides both surface and bulk passivation where the 

τeff increased from 7 µsec to > 200 µsec and was directly observed by PL imaging. 

The mc-Si wafer had an anomalous increase of τeff at low injection level caused by 

trap effect that no longer existed after passivation in H2S.  The surface passivation 
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using H2S reaction degrades due to the unstable Si-S compound in air, which was 

confirmed by evaluating the H2S passivation on Cz wafers and XPS analysis. The 

H2S-passivated surface layer on mc-Si wafer can be completely removed without 

damaging the bulk passivation, and surface passivation can be restored using a-Si:H or 

QHY/ME solution. This approach confirms the stability of bulk passivation over time 

and not affected by wet chemical processing, and therefore provides a pathway to 

fabricate HJ solar cells on mc-Si wafers with surface passivated by a-Si:H and bulk 

passivated by H2S. 
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SUMMARY AND FUTURE PROSPECT 

 

8.1 Summary 

Several topics have been investigated in this thesis, including the back contact 

patterning and front surface field of IBC-SHJ solar cell, new c-Si surface passivation 

method using H2S reaction, and the mc-Si bulk passivation by sulfur in H2S reaction: 

(1) A new patterning approach for the back contact of IBC-SHJ solar cell was 

developed to enhance the cell performance and improve its stability. Photoresist was 

used as the patterning mask in the original patterning method, where the photoresist 

was baked in PECVD chamber during deposition which caused the photoresist to 

outgassing and contaminated the interface between c-Si and a-Si:H layer and other 

interface as well as  the bulk. Additionally, the original patterning method formed a 

single intrinsic a-Si:H for gap passivation which was insufficient. Thus, the 

insufficient gap passivation and contamination in PECVD chamber resulted in IBC-

SHJ cell efficiencies of only 15%, and degraded to 14.3% within a day. However, with 

the new patterning method, using a-SiNX:H instead of photoresist as the patterning 

mask which avoided contamination in the PECVD chamber resulted in a clean 

deposition process. Moreover, with the new patterning design, the gap was passivated 

by multiple layers including intrinsic a-Si:H, doped a-Si:H, and a-SiNx:H, allowing 

sufficient gap passivation, which contributes to the stability of the cell performance. 

Chapter 8 
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Thus with the patterning method using a-SiNx:H for the patterning mask, the highest 

performance reached in our group is 20.2% and was stable overtime.  

 (2) Front surface field (FSF) was evaluate as another method to apply on IBC-

SHJ solar cell to improve the front surface passivation and also reduce its series 

resistance attributed to the better conductivity in n+ FSF layer. N+ phosphorous 

diffusion for FSF was processed at MIT and the Cz wafers were provided by IEC. The 

wafer cleaning and device fabrication were all completed in our group. The back 

contact patterning process in device fabrication was the same as prescribed in chapter 

4. The front surface stack layer structures included: a) i. a-Si:H / ARC (control 

sample), b) n+ FSF / i. a-Si:H / ARC, c) i. a-Si:H / n. a-Si:H / ARC, d) n. a-Si:H / 

ARC. The only improvement was observed for the higher τeff on sample (b) which 

indicates the better passivation level attributed to n+ FSF. Unfortunately, no obvious 

enhancement was obtained from the device analysis after the completed device 

fabrication. This suggests the subtle improvement of front surface passivation by n+ 

FSF cannot stand out among all other factors derived from the device fabrication 

process.  

(3) A new c-Si surface passivation scheme using H2S reaction was developed 

and demonstrated to be comparable to the state-of-the-art surface passivation 

technology, reaching an τeff > 2000 µsec corresponding to SRV < 5 cm/sec over the 

optimized temperature range of 550ºC ~ 650ºC. The c-Si surface bonding state was 

evaluated via XPS and the results explained the passivation mechanism. The higher 

sulfur concentration on c-Si surface provided higher τeff and deeper sulfur diffusion 

into c-Si wafer which resulted in better stability. The best passivation process required 

3.5% of sulfur on the c-Si surface using the reaction parameters at a temperature 
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450ºC ~ 650ºC for a duration 0.5 hr ~ 4 hr, It is found that the passivation level after 

H2S reaction degraded from original passivation level with τeff  ~ 2000 µsec to below 

100 µsec corresponding to SRV from 3.2 cm / sec to above 70 cm / sec in couple of 

hours storage in air. This instability is believed due to the ease of oxidation and 

hydrolysis of silicon disulfide (SiS2) in atmosphere. The instability can be eliminated 

by a capping layer a-SiNX:H on top of sulfurized c-Si surface and the surface 

passivation quality was stabilized in air even after two years. The capping using a-

SiNX:H on top of sulfurized c-Si surface can be compatible to the front surface 

structure of IBC-SHJ solar cell. Hence using H2S reaction to passivate c-Si front 

surface on IBC-SHJ solar cell can be utilized for high efficiency cells with a minimum 

absorption loss due to monolayer thickness of passivation layer and high bandgap of 

SiS2.  

(4) With H2S reaction, we demonstrated the capability of having sulfur 

terminated c-Si surface defects, and observed the sulfur diffusion into Si. This 

suggested using H2S to passivate both bulk and surface defects in mc-Si wafers. To 

make sulfur drive-in, we used 100% H2S without Ar dilution and increased the 

temperature to 650ºC. The original bare mc-Si wafer had τeff only 25 µsec after our 

standard wafer cleaning process, and the τeff was enhanced to above 200 µsec after 

H2S reaction. From the injection level dependent τeff, it was observed that the density 

of traps and recombination states are both reduced using the H2S reaction. 

Additionally, a wet chemistry process was developed where the τeff was monitored 

after each chemical step for the H2S-passivated of the mc-Si wafer, to differentiate the 

information between its bulk and surface. We found that the mc-Si surface passivated 

in H2S could be removed by wet chemical etching in HNA without affecting the 
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passivated bulk quality. The H2S-passivated bulk was preserved during surface 

removal and the surface could be re-passivated and restored by commonly used 

surface passivation layers such as quinhydrone methanol. Thus, the will give us 

feasibility to fabricate heterojunction solar cell with mc-Si wafer, should be possible. 

 

8.2 Future Prospects 

Using H2S reaction to passivate c-Si surface defect opens a whole new topic in 

c-Si surface passivation field. We have already demonstrated its feasibility by 

promising result of τeff > 2000 µsec corresponding to SRV < 5 cm/sec, and found the 

correlation between τeff and S-Si-S bond to explain the passivation mechanism. 

However, there was always an oxidation reaction due to the impurity level in the H2S 

gas cylinder dominating over sulfurization reaction and limiting the amount of sulfur 

bonds to Si. So far we had found that more and more oxide formed with longer 

reaction duration. With the current heating system using heating jacket, the time 

required to reach setting temperature is about 30 min and there is no way to avoid the 

competition between sulfurization and oxidation within this 30 min. Finding a 

different heating method to minimize the heat-up time should minimize the effect of 

oxidation in the system and allow us to obtain much clearer information about 

sulfurization, which is ideally the only reaction in the system. The alternative heat-up 

system can be considered to be built up for H2S reaction is rapid thermal annealing. 

Another possible method to exclude the effect from oxygen is using a different source 

of sulfur, such as using sulfur powder evaporation to create gas phase of atomic sulfur 

for c-Si surface passivation. Moreover, in this dissertation we have only explored the 

chemical passivation mechanism – making sulfur terminate c-Si surface defects 
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demonstrated by the surface bonding state confirmed by XPS. Capacitance- voltage 

(CV) measurement will give us a more quantitative result of the density of interface 

state (Dit). Dit can also tell the possibility of another passivation mechanism – field-

effect passivation via the measurement of Qf, which is quite important especially when 

there is already a publication reporting the additional field-effect passivation provided 

by the additional negative charge from sulfur, which is induced at the interface 

between surface passivation layer Al2O3 and nanostructured Si [206]. Another 

important future prospect after we have better understanding of passivation 

mechanism is fabricating IBC-SHJ solar cell and using H2S reaction to replace 

origianl front surface passivation layer i. a-Si:H. The main target is to reduce 

absorption loss at illuminating side by H2S reaction [207], meanwhile, maintain the 

same passivation level as i. a-Si:H could provide. 

Although we observed a drastic bulk quality improvement of mc-Si after 

reaction in H2S, there is still not clear enough about the passivation mechanism and 

what exactly being changed during the reaction [208]. Some literatures had found the 

correlation between the density of dislocation and trap defect and reported different 

models to quantify actual number of dislocation before and after passivation process 

from the injection level dependent τeff measurement and analysis [209]-[211]. Another 

work needs to be continued in the future prospects is PL characterization, to obtain 

more ideas about the effect of grain boundaries on carrier recombination, which can be 

learned from the contrast of PL image and the change of τeff. The last and the most 

important future prospect is to fabricate mc-Si solar cell with its bulk passivated in 

H2S reaction. The enhancement of cell efficiency and the QE curve may tell us how 

does the improved bulk quality contribute to device performance especially carrier 
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collection. At IEC we have capability of making low temperature processing 

heterojunction solar cell, and this will also be the first time using mc-Si wafer for 

heterojunction solar cell in photovoltaic field.  
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SOLAR SPECTRAL IRRADIANCE: AM1.5 AND AM0 

The solar cell efficiency η is defined as Pout/Pin where Pout is the electrical 

power generated per unit area and Pin is the power density of the solar irradiation. The 

value of Pin varies considerably for different applications and conditions, where it 

changes throughout the day and with locations. The standard reference spectra are 

defined to allow the comparison of PV device performances from different 

manufacturers and research laboratories.  

The standard spectrum for space application is referred to as AM0, where the 

solar insolation is outside the earth’s atmosphere. It has an integrated power of 1366.1 

W/m2, presented as the red curve in Figure A.  

Two standard spectra are defined for terrestrial usage at the earth’s surface, 

with its radiation intensity reduced from AM0 due to scattering and absorption that 

occur in the atmosphere. The amount by which the radiation is reduced depends on the 

length of the optical path through the atmosphere varying by the sun’s location in the 

sky, which is determined by the time of the day, time of the year, and latitude of the 

observer. When the sun is directly overhead at sea level and without clouds, the 

radiation will be at its maximum, which is referred to as air mass one (AM1) radiation. 

In other cases, the air mass (AM) is then defined as  

 

Air mass = 1 / cosθ 

 

Appendix A 
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where θ = 0 corresponds to the sun being direcly overhead.  

For terrestrial applications, AM1.5 (48º from overhead) has been established as 

the standard solar irradiation, which corresponds to a power density Pin of 100 

mW/cm2 or 1000W/m2.  

 

 

Figure A.1 Spectral distribution of sunlight for the cases AM1.5 and AM0, with the 
ideal black body radiation at 5800 K for comparison [212]. 
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distribution and reproduction in any medium, provided the original work is properly cited
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permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
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Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.



 207 

Reprint Permission for excerpt in chapter 2.3.4 

 

 

 

4/1/18, 9(15 PMRightsLink Printable License

Page 1 of 7https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisher…9e2-1b36-45fa-a5f6-d7600b45b5ab%20%20&targetPage=printablelicense

ELSEVIER LICENSE
TERMS AND CONDITIONS

Apr 01, 2018

This Agreement between Hsiang ("You") and Elsevier ("Elsevier") consists of your license
details and the terms and conditions provided by Elsevier and Copyright Clearance Center.

License Number 4320500905083

License date Apr 01, 2018

Licensed Content Publisher Elsevier

Licensed Content Publication Solar Energy Materials and Solar Cells

Licensed Content Title An insight into dislocation density reduction in multicrystalline
silicon

Licensed Content Author Soobin Woo,Mariana Bertoni,Kwangmin Choi,Seungjin Nam,Sergio
Castellanos,Douglas Michael Powell,Tonio Buonassisi,Hyunjoo Choi

Licensed Content Date Oct 1, 2016

Licensed Content Volume 155

Licensed Content Issue n/a

Licensed Content Pages 13

Start Page 88

End Page 100

Type of Use reuse in a thesis/dissertation

Intended publisher of new
work

other

Portion excerpt

Number of excerpts 1

Format both print and electronic

Are you the author of this
Elsevier article?

No

Will you be translating? No

Title of your
thesis/dissertation

Silicon Defect Passivation by H2S Reaction and Patterning Process of
Interdigitated Back Contact Silicon Heterojunction (IBC-SHJ) Solar
Cell

Publisher of new work Institute of Energy Conversion

Author of new work Robert Birkmire

Expected completion date May 2018

Estimated size (number of
pages)

1



 208 

 

 

 

 

4/1/18, 9(15 PMRightsLink Printable License

Page 2 of 7https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisher…9e2-1b36-45fa-a5f6-d7600b45b5ab%20%20&targetPage=printablelicense

Requestor Location Hsiang-Yu Liu
451 Wyoming Rd

NEWARK, DE 19716
United States
Attn: Hsiang-Yu Liu

Publisher Tax ID 98-0397604

Total 0.00 USD

Terms and Conditions

INTRODUCTION
1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in
connection with completing this licensing transaction, you agree that the following terms
and conditions apply to this transaction (along with the Billing and Payment terms and
conditions established by Copyright Clearance Center, Inc. ("CCC"), at the time that you
opened your Rightslink account and that are available at any time at
http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either



 209 

 

 

 

 

4/1/18, 9(15 PMRightsLink Printable License

Page 3 of 7https://s100.copyright.com/App/PrintableLicenseFrame.jsp?publisher…9e2-1b36-45fa-a5f6-d7600b45b5ab%20%20&targetPage=printablelicense

use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
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appear more like, or to substitute for, the published journal article.
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