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Abstract

To make this planet cleaner and more sustainable, photovoltaic (PV) has long

been on its road to pursue higher e�ciency (�) and larger market share. Silicon

heterojunction (SHJ) solar cell is considered as one of the most promising candidates

as next-generation high-e�ciency PV techniques due to their high e�ciencies and

simple production sequences. E�ciency over 26% in research level and over 23% in

mass production have been achieved based on SHJ concept. However, there are still

several e�ciency-limiting issues for SHJ solar cells. The �rst one is the parasitic

absorption in short wavelength range caused by front side doped amorphous(a-Si:H)

layers. Many new materials (such as �c-Si:H, nc-SiOx:H and �c-SiC:H) have been

proposed to overcome this problem, yet the trade-o� between optical and electrical

properties still exists. The second one is that su�cient thickness of a-Si:H(i) layer

is needed for good passivation, but the a-Si:H(i) layer acts as isolation for electrical

transport. Therefore, another trade-o� exists between passivation and electrical

transport.

Among many techniques to solve aforementioned trade-o�s and even push � for-

ward, Catalytic-doping (Cat-doping) is a cheap, simple and industry feasible tech-

nique. Cat-doping has been reported to improve electrical property and passivation

quality on �lms and device consisting of a-Si:H and crystalline silicon(c-Si). However,

the e�ectiveness of Cat-doping on silicon alloys ( �c-Si:H, nc-SiOx:H and �c-SiC:H )

is still unknown. The mechanism of Cat-doping on these materials is also not clear

so far.

Accordingly, the �rst goal of this thesis was to exploit the e�ectiveness of Cat-doping

on these silicon alloy materials in terms of electrical and optical properties. Mean-
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Abstract

while, deeper understanding of the mechanism of Cat-doping in di�erent materials

was needed. It is shown that P atoms can be e�ectively incorporated into these �lms

by Cat-doping but with di�erent P atom concentrations (NP) and doping depths.

As for a-Si:H �lms, NP from Cat-doping can be as high as 6 � 1021cm�3 with a

doping depth around 15 nm while for �c-Si:H NP can reach 6 � 1020cm�3 with a

doping depth of 5 nm. For nc-SiOx:H �lms, NP is also in the range of 1020cm�3 but

P atoms penetrate throughout the whole �lm. When it comes to �c-SiC:H �lms,

NP is only 6� 1019cm�3 and P atoms seem to just attach to the surface of �c-SiC:H

�lms. The di�erence in the behavior of Cat-doping might be attributed to the mi-

crostructures of these silicon alloys. The loose structure of a-Si:H, where a large

number of voids and defects exist, possibly results in large doping concentration NP

and deeper doping depth for a-Si:H. The grain boundaries in �c-Si:H could also

help to incorporate more P atoms. Nanocrystalline silicon oxide has a very unique

porous cage microstructure that might o�er channels for P atoms to penetrate the

whole �lm during the Cat-doping process. In contrast, the dense microstructure of

�c-SiC:H seems to prevent P atoms to penetrate and the P atoms only attach to

the �lm surface.

The second goal of this work was to improve the passivation quality of di�erent cell

precursors and devices. To begin with, di�erent gases were used during Cat-doping

process and three e�ects (i.e. thermal annealing, hydrogenation and P doping ef-

fect) were found to co-exist accounting for the improvement of passivation quality.

Then, cell precursors and devices with these silicon alloys �lms were treated with

Cat-doping and their passivation quality were enhanced to di�erent extend, which is

also likely related to the change in material properties upon applying the Cat-doping

process.

At last, the ultimate goal was to implement Cat-doping in SHJ solar cells. In

general, applying Cat-doping on various doped layers in the front of SHJ solar cells

results in improved � which mainly comes from improved Voc and FF . Filament

temperature (Tf), substrate temperature (Tsub) and processing pressure were all

found to in�uence � and local optimal values were identi�ed. However, the electrical

property change for nc-SiOx:H seems limited due to the low activation of Cat-doping
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incorporated P atoms, the impact of Cat-doping on � of cells with nc-SiOx:H was not

signi�cant. Beyond the traditional structure of SHJ cells, a new fabrication method

where the deposition of a-Si:H(n) layer was replaced by Cat-doping on a-Si:H(i) layer

was proposed. Compared to traditional SHJ cell, equivalent � from cells with new

structure was achieved and has demonstrated an increase in Jsc about � 1mA=cm2.

Based on this concept, when additional a-Si:H(n) layer was added to the front of

the new-approach cell, a champion device of 21.2% e�ciency was achieved mainly

due to an increase of 4.9% in FF compared to the traditional SHJ cell structure.
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Zusammenfassung

Um diesen Planeten sauberer und nachhaltiger zu machen, ist die Photovoltaik

(PV) seit langem auf dem Weg, eine höhere E�zienz und einen gröÿeren Markt-

anteil zu erreichen. Die Solarzelle mit Silizium-Heteroübergang (SHJ) gilt aufgrund

ihrer hohen E�zienz und einfachen Produktionssequenzen als einer der vielverspre-

chendsten Kandidaten für hoche�ziente PV-Techniken der nächsten Generation.

E�zienze von über 26% im Forschungsbereich und über 23% in der Massenproduk-

tion wurde auf der Grundlage des SHJ-Konzepts erreicht. Es gibt jedoch immer

noch einige Probleme, die die E�zienz von SHJ-Solarzellen einschränken. Die erste

ist die parasitäre Absorption im kurzen Wellenlängenbereich, die durch frontseitig

dotierte a-Si:H-Schichten verursacht wird. Es wurden viele neue Materialien (sowie

�c-Si:H, nc-SiOx:H und �c-SiC:H) vorgeschlagen, um dieses Problem zu überwinden,

dennoch besteht immer noch ein Kompromiss zwischen optischen und elektrischen

Eigenschaften. Die zweite ist, dass eine ausreichende Dicke der a-Si:H(i)-Schicht für

eine gute Passivierung benötigt wird, die a-Si:H(i)-Schicht jedoch als Isolation für

den elektrischen Transport wirkt. Daher besteht ein weiterer Kompromiss zwischen

Passivierung und elektrischem Transport.

Unter vielen Techniken, um die oben genannten Kompromisse zu lösen und so-

gar die E�zienz voranzutreiben, ist das katalytische Dotierung (CAT-doping) eine

billige, einfache und in der Industrie praktikable Technik. Es wurde berichtet, dass

CAT-doping die elektrischen Eigenschaften und die Passivierungsqualität von Fil-

men und Vorrichtungen verbessert, die mit a-Si: H und c-Si zusammenhängen. Die

Wirksamkeit der CAT-doping auf Siliziumlegierungen (sowie �c-Si:H, nc-SiOx:H und

�c-SiC:H) ist jedoch noch unbekannt. Der Mechanismus der CAT-doping auf diesen

Materialien ist bisher nicht klar.
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Zusammenfassung

Dementsprechend bestand das erste Ziel dieser Arbeit darin, die Wirksamkeit

der CAT-doping auf diesen Materialien hinsichtlich der elektrischen und optischen

Eigenschaften zu nutzen. In der Zwischenzeit wurde ein tieferes Verständnis des

Mechanismus der CAT-doping in verschiedenen Materialien abgeleitet. Es wird ge-

zeigt, dass P Atome e�ektiv in diese Filme eingebaut werden können, jedoch mit

unterschiedlichen P-Atom-Konzentrationen (NP) und Dotierungstiefen. Bei a-Si:H

Filmen kann der NP aus CAT-doping bis zu 6� 1021cm�3 mit einer Dotierungstiefe

um 15 nm betragen, während bei �c-Si:H der NP 6 � 1020cm�3 mit einer Dotie-

rungstiefe von 5 nm erreichen kann. Bei nc-SiOx:H Filmen liegt der NP ebenfalls im

Bereich von 1020cm�3, aber P Atome dringen durch den gesamten Film. Wenn es

um �c-SiC:H Filme geht, beträgt NP nur 6� 1019cm�3 und P-Atome scheinen sich

an die Ober�äche von �c-SiC:H Filmen zu binden. Der Unterschied im Verhalten

der CAT-doping wird auf die Mikrostrukturen dieser Siliziumlegierungen zurückge-

führt. Die lockere Struktur von a-Si:H, wo eine groÿe Anzahl von Hohlräumen und

Defekten vorhanden ist, führt zu einem groÿen NP und einer tieferen Dotierungstiefe

für a-Si:H. Die Korngrenzen in �c-Si:H tragen auch dazu bei, mehr P-Atome ein-

zubauen. nc-SiOx:H hat eine sehr einzigartige poröse Kä�gmikrostruktur, die einen

Kanal für P-Atome bietet, um den gesamten Film während des CAT-doping pro-

zesses zu durchdringen. Im Gegensatz dazu verhindert die dichte Mikrostruktur von

�c-SiC:H, dass P-Atome eindringen und sich nur an der Filmober�äche festsetzen.

Das zweite Ziel war die Verbesserung der Passivierungsqualität verschiedener Zell-

vorläufer und -vorrichtungen. Zunächst wurden während des CAT-doping prozesses

verschiedene Gase verwendet, und es wurde festgestellt, dass drei E�ekte (d. H.

Thermisches Tempern, Hydrierung und P-Dotierungse�ekt) zur Verbesserung der

Passivierungsqualität nebeneinander existieren. Dann wurden Zellvorläufer und Vor-

richtungen mit diesen Siliziumlegierungs�lmen mit CAT-doping behandelt und ihre

Passivierungsqualität wurde in unterschiedlichem Ausmaÿ verbessert, was teilweise

auch mit der Änderung der Materialeigenschaften bei Anwendung des CAT-doping

verfahrens zusammenhängt.

Das ultimative Ziel ist es schlieÿlich, CAT-doping in SHJ-Solarzellen zu implemen-

tieren. Im Allgemeinen führt das Aufbringen von CAT-doping auf die verschiedenen
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dotierten Schichten an der Vorderseite von SHJ-Solarzellen zu einem verbesserten

Wirkungsgrad, der hauptsächlich auf verbesserte Voc und FF Werte zurückzuführen

ist. Es wurde festgestellt, dass die Filamenttemperatur (Tf), die Substrattempera-

tur (Tsub) und der Verarbeitungsdruck die E�zienz beein�ussen, und es wurden

lokale optimale Werte identi�ziert. Die Änderung der elektrischen Eigenschaften für

nc-SiOx:H ist jedoch aufgrund der geringen Aktivierung von P-Atomen mit ein-

gebautem Cat-doping begrenzt. Der Ein�uss vor katalytische Dotierung auf die

E�zienz von Zellen mit nc-SiOx:H war nicht o�ensichtlich. Über die traditionelle

Struktur von SHJ-Zellen hinaus wurde ein neues Herstellungsverfahren vorgeschla-

gen, bei dem die Abscheidung einer a-Si:H(n) -Schicht durch CAT-doping auf einer

a-Si:H(i)-Schicht ersetzt wurde. Im Vergleich zu herkömmlichen SHJ-Zellen wur-

de eine äquivalente E�zienz von Zellen mit neuer Struktur erreicht und weist eine

Zunahme von � 1mA=cm2 in Jsc auf. Basierend auf diesem Konzept wurde durch

Hinzufügen einer zusätzlichen a-Si:H(n)-Schicht zur Front eine Champion-E�zienz

von 21,2% erreicht, wobei der FF im Vergleich zur herkömmlichen SHJ-Zellstruktur

hauptsächlich um 4,9% zunahm.
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1 Introduction

Upon the awareness of environment protection and desire for sustainable develop-

ment, photovoltaic (PV), as one of the mainstream renewable energies, has largely

drawn attention from the public and been politically supported by governments

worldwide. According to the latest report [1], renewable energy accounted for 72%

of the total energy capacity expansion in 2019 and PV has a share of �56% in the

newly added renewable capacity. Meanwhile, another report also pointed out that

there is a widening gap between rhetoric and action which jeopardize the comple-

tion of cutting carbon dioxide (CO2) emission in the coming decades [2]. Despite

the fast growing market of PV and subsides from governments, the levelized cost of

electricity (LCOE) of PV is still not as low as conventional fossil fuel energy and

this prevented the bigger explosion of PV market. To embrace a larger share of PV

in energy market, new PV modules with higher e�ciency and lower cost are needed.

Among many innovative PV techniques, silicon heterojunction (SHJ) solar cells

are one of the most promising candidates for the next-generation high-e�ciency

mainstream PV technology due to their high e�ciencies and simple production

sequences [3]. In a SHJ solar cell, an intrinsic hydrogenated amorphous silicon

(a-Si:H(i)) thin �lm is usually used to achieve excellent surface passivation qual-

ity. Doped a-Si:H layers are used as emitter or surface �eld layer [3�6]. SHJ so-

lar cell e�ciency over 23% has been achieved for mass production [7]. However,

there is still optical loss from the parasitic absorption in solar spectrum range due

to the use of doped a-Si:H layers at the front side [3, 8] as well as loss from the

lower conductive a-Si:H layers. Silicon alloy thin-�lms, like microcrystalline silicon

(�c-Si:H), nanocrystalline silicon oxide (nc-SiOx:H) and microcrystalline silicon car-

bide (�c-SiC:H) [9�11], are very promising alternatives to be used in a SHJ solar
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1 Introduction

cell to reduce the contact resistance and parasitic absorption due to their higher

conductivity and lower absorption coe�cient in short wavelength range.

Beside the implementation of silicon alloys, catalytic-doping (Cat-doping) has the

potential to further improve electrical properties of silicon alloy �lms and their in-

terfaces. Cat-doping is a cheap, simple and up-scalable post-deposition treatment,

which is based on hot wire chemical vapor deposition (HWCVD) technique. Dur-

ing a Cat-doping process, the gas molecules are decomposed at the hot surface of

catalyzing wires, then the decomposed radicals di�use radially towards the sample

and penetrate into the surface of silicon �lms forming a shallow depth doping layer

with a thickness of 5-15 nm [12, 13]. With Cat-doping, material properties, e.g.

conductivity and doping concentration, could be tuned beyond the level which is

achievable for as-grown �lms [13,14]. Especially for materials, where the conductiv-

ity is limited upwards due to restrictions from process boundary conditions during

�lm depositions or from trade-o� with other device relevant material properties, the

Cat-doping process might be bene�cial to overcome the limit or �nd better trade-o�

regime.

So far, Cat-doping has been studied mainly on crystalline silicon (c-Si) and amor-

phous silicon (a-Si:H) [12, 13, 15, 16]. Former studies have shown that Cat-doping

could improve the conductivity of a-Si:H and change the doping type of n- and p-

type wafers. Cat-doping could also improve the passivation quality when applied

on the surface of c-Si wafer in a symmetrically passivated sample. However, the

e�ectiveness of Cat-doping on di�erent silicon alloy �lms is still unclear and impact

on passivation quality when applied on di�erent interfaces in passivated samples or

cells is also unknown. The ability of Cat-doping to improve the e�ciency of SHJ

cell containing silicon alloy �lms in the front is yet to explored.

Therefore, the goal of this thesis is to expand the study of Cat-doping to more

materials, here speci�cally on silicon alloys that can be used in the front of SHJ

cells to advance the device performance. To achieve this goal, several scopes are

included: �rstly the e�ectiveness of applying Cat-doping on silicon alloy �lms to

improve the material properties; secondly the enhancement of passivation quality

14



when Cat-doping is implanted onto di�erent interfaces and ultimately the probability

of Cat-doping to lift the e�ciency of SHJ solar cells. These contents are divided into

di�erent chapters and following is a brief description of the content in each chapter.

Chapter 2 contains motivation to use various silicon alloys in SHJ solar cells

and problems remaining when implanting these silicon alloys into SHJ solar cells.

A short introduction of Cat-doping is also given. In detail, Sec. 2.1 gives a brief

introduction on SHJ solar cells and points out the problems faced SHJ solar cells

on its way to higher �. Sec. 2.2 introduces several silicon materials used in this

work including their advantages and trade-o�s when used in SHJ solar cells. Sec.

2.3 gives a short summary on the history of Cat-doping and its development so far.

In Chapter 3, details on sample preparation and characterization methods are

given. Sec. 3.1 describes the methods used in this work to prepare silicon alloy

�lms as well as cells containing these silicon alloys. Most of the �lms were produced

with plasma enhanced chemical vapor deposition (PECVD), except that �c-SiC:H

�lms were deposited with hot-wire chemical vapor deposition (HWCVD). Sec. 3.2

contains details of various methods used to characterize the material properties of

silicon alloy �lms. In Sec. 3.3 describes the systems used to estimate passivation

quality and the performance of SHJ solar cells.

The development and e�ectiveness of Cat-doping on various silicon materials are

discussed in Chapter 4. This includes Cat-doping on four silicon materials, i.e.

a-Si:H, �c-Si:H, nc-SiOx:H and �c-SiC:H. Intrinsic and doped materials are both

studied. In Sec. 4.1, a prepositive study of Cat-doping on glass and silicon �lms was

conducted to exclude the in�uence from possible �lm deposition during Cat-doping

process. Sec. 4.2 gives a brief introduction of possible radical movements during

Cat-doping process. In Sec. 4.3, Cat-doping on �c-Si:H is discussed. Here, intrinsic,

n- and p-type �c-Si:H �lms were used and Cat-doping was found e�ective for all. In

Sec. 4.4, Cat-doping on a-Si:H is discussed and various parameters of Cat-doping

were used to have obvious impact on the signi�cance of Cat-doping. Sec. 4.5 presents

the results of Cat-doping on nc-SiOx:H with various O contents. Sec. 4.6 discusses

Cat-doping on �c-SiC:H by comparing �c-Si:H with nc-SiOx:H. In Sec. 4.7, a

15



1 Introduction

comparison is given on Cat-doping into di�erent silicon alloys for a deeper insight of

the mechanism of Cat-doping. It is found the di�erence might be related to material

composition and microstructure. Sec. 4.8 describes the change in optical property

for silicon alloy �lms after Cat-doping.

Passivation quality after Cat-doping treatment on di�erent interfaces is an impor-

tant issue before implanting Cat-doping into cells and is discussed in Chapter 5.

In Sec. 5.1, three e�ects during Cat-doping were identi�ed using di�erent processing

gases. Sec. 5.2 discussed the e�ectiveness of Cat-doping to improve the passivation

quality upon using on di�erent silicon alloy �lm surfaces in passivated samples.

In Chapter 6, Cat-doping was implanted into SHJ solar cells containing di�erent

silicon alloy �lms and various methods were tested to optimize the device perfor-

mance. Sec. 6.1 gives an introduction of reference cell used for this work and this

is the base of other cell optimization. In Sec. 6.2, Cat-doping on di�erent silicon

alloy �lms in SHJ solar cells is shown to improve the e�ciency. Sec. 6.3 presents

performance of cells with �c-Si:H(n) in the front side of cells with optimization in

Cat-doping parameters. Sec. 6.4 discusses the e�ect of Cat-doping on cells with

nc-SiOx:H in the font. In Sec. 6.5, a new approach is proposed for conventional

SHJ solar cells and has been proven to be signi�cantly e�ective in improving cell

performance.

In Chapter 7, conclusions of this thesis are summarized and an outlook is given

for future study of Cat-doping and its impact on SHJ solar cells.
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2 Fundamentals and literature

review

In this chapter, fundamentals of SHJ solar cells and current research topics are

presented. The history of Cat-doping and existing studies on Cat-doping are also

included.

2.1 Silicon heterojunction solar cells

Silicon heterojunction (SHJ) solar cells are widely studied both in laboratory and

industry levels for their high e�ciency, simple fabrication procedure and low cost [3,

7,17�20]. A record � of 25.1% was achieved by both-sides contacted SHJ solar cells

and an even higher � of 26.7% was achieved when SHJ was used in interdigitated

back-contacted solar cells [4, 5, 21, 22]. Meanwhile, SHJ solar cells have also been

combined with other types of cells, such as used as bottom cell in perovskite/c-Si

tandem solar cells, for high e�ciency [23,24].

Commonly, a SHJ cell consists of a c-Si wafer passivated by a-Si:H(i) with a

thickness of a few nanometer. Then doped a-Si:H layers are deposited on both sides

as emitters or surface �eld layers, TCO layers and Ag grids are subsequently prepared

on the top of a-Si:H stacks. By inserting the a-Si:H stacks, the highly recombination-

active metal contacts are lifted away from the c-Si surface. Then, misalignment of

the band diagrams from c-Si and a-Si:H creates band o�sets in conduction band (Ec)

and valence band (Ev) and repels the minority carrier from moving to the defect-

rich a-Si:H(i)/c-Si interface [25]. Moreover, the a-Si:H(i) signi�cantly reduces the

surface state density of c-Si by introducing hydrogen to saturate the silicon dangling
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bonds (DB). All in all, the c-Si surfaces are well passivated and recombination is

signi�cantly reduced, enabling impressive high iVoc in this heterojunction structure

[5].

However, despite the above-mentioned advantages in SHJ solar cells, there are still

some limits that prevents SHJ solar cells from getting closer to the theoretical limit

e�ciency. [4, 5, 21]. The �rst one is the parasitic absorption form the a-Si:H layers,

which causes 3.4% loss [21] in the current record cell and even more in many other

cells [3,8,17,19,26]. Studies and measures have been done to analyze and minimize

the optical loss from the a-Si:H layers [27�30] and transparent emitter materials were

tested in SHJ solar cells to have more gains in front-side absorption [6,9�11,31�35].

The second limit relates to the electrical isolation of the passivation a-Si:H(i)

layers with low conductivity. Usually, a-Si:H(i) layers thicker than 5 nm are needed

on both sides of the c-Si surface for good passivation. However, a 5 nm a-Si:H layer

is too thick for carriers to tunnel through and is detrimental to electrical transport.

In the end, this 5 nm a-Si:H(i) acts as an obstacle for achieving higher FF [4, 27].

Therefore, the trade-o� between good passivation and good FF must be overcome

to achieve higher e�ciency.

2.2 Silicon alloys

Among many materials, �c-Si:H, nc-SiOx:H and �c-SiC:H are promising candi-

dates to replace the a-Si:H(n) layers in the front of SHJ solar cells for better electrical

property and better optical absorption in the short wavelength range.

Amorphous silicon Intrinsic a-Si:H layer is commonly used in SHJ solar cells for

c-Si surface passivation layer and doped a-Si:H layers are used as emitters or surface

�eld layers. The a-Si:H/c-Si hetero structures were �rst studied by Fuhs et al. in

1974 [36] and showed excellent passivation ability later [37]. SHJ solar cells have

been fabricated but showing modest FF due to large interface state density [38]. A

breakthrough was made by introducing a thin bu�er layer of a-Si:H(i) on c-Si, which
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was called Heterojunction with Intrinsic Thin-layer (HIT) structure and patented by

Sanyo (later bought by Panasonic) [39]. This thin bu�er layer of a-Si:H(i) bene�ts

the Voc and very high value has been achieved ever since [21].

However, the a-Si:H layer stacks used in the front of the cell also introduce large

parasitic absorption. The isolating a-Si:H(i) layer also results in high series resistance

that reduces the FF . For instance, even in several world records of SHJ solar cells,

the parasitic absorption and high resistance have been pointed out to be the obstacles

for higher � [4, 21, 40]. Many researches in SHJ solar cells were focused on the

optimization of the a-Si:H layer and replacement of a-Si:H thin �lms. In this work,

mainly three silicon alloy materials (i.e. �c-Si:H, nc-SiOx:H and �c-SiC:H) are

studied and discussed. In the following sections, brief introduction of these three

silicon alloys are given.

Microcrystalline silicon (�c-Si:H) is an appealing alternative for the front a-Si:H

carrier selective contacts because the conductivity of �c-Si:H can be considerably

higher than that of a-Si:H, thus it is bene�cial to reducing series resistance (Rs).

In addition, �c-Si:H has lower absorption coe�cient (�) at short wavelengths which

leads to lower parasitic absorption. In the early days, �c-Si:H was studied mostly to

be used in thin �lm cells [41�43]. Then, �c-Si:H was applied in silicon heterojunction

since 1996 [44]. Due to the limitation of PV technology at that time, very low � was

obtained [9]. However, as the SHJ solar cell technologies were further developed,

doped �c-Si:H showed exciting potentials for its better electrical conductivity and

lower absorption coe�cient as compared to a-Si:H [44�47]. Meanwhile, the material

properties of �c-Si:H, such as optical absorption, electrical transport, defects and

growth mechanism, have been deeply studied [43, 48�53]. It has also been shown

that �c-Si:H is a better contact material to TCO than a-Si:H [54�57].

Despite the advantages of �c-Si:H in optical and electrical properties, there are

still challenges when integrating �c-Si:H into SHJ solar cells. Compared to the mi-

crometer thickness �c-Si:H in thin-�lm solar cells, the thickness of �c-Si:H in a SHJ

cell is usually 10 nanometer or less. This thin thickness raises challenges to the

deposition condition and the quality of �c-Si:H. Firstly, the incubation layer for
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�c-Si:H should be as small as possible so to reach crystalline phase and gain in light

absorption and electrical transport [43]. Secondly, the deposition of �c-Si:H may de-

teriorate the passivation of a-Si:H(i) beneath [58]. Thirdly, the Raman crystallinity

(�c) should be su�ciently high for good optical and electrical property. Further-

more, it should be noted that the boron doping inhibits the crystalline growth and

hinder the nucleation of �c-Si:H(p) layers [59, 60], so special care should be taken

if p-type �c-Si:H is to be used. To solve these problems, e�orts have been taken

to reduce the incubation layer thickness, preserve the passivation and speedup the

incubation process for high �c [61�64].

Nanocrystalline silicon oxide (nc-SiOx:H) �lms consist of three di�erent phases,

i.e. a-Si:H phase, �c-Si:H phase and SiOx phase. This multi-phase microstructure

o�ers possibilities to easily tune the electrical and optical properties of the �lms via

varying the deposition parameters, such as O and H content. Varying the CO2 gas

ratio in the deposition gas is a common way to tune the O content and change the

portion of SiOx phase inside the �lm. With variation in the portion of these three

phases, the microstructure of nc-SiOx:H �lm can be changed as well as the electrical

and optical properties. In general, when increasing the CO2 ratio in the gas source,

the portion of SiOx increases in the �lm, thus makes the �lm more transparent and

less conductive.

The nc-SiOx:H used in this work was initially developed by Ding et. al. for the use

in quantum dots and SHJ solar cells [31,65�68]. Then more details about nc-SiOx:H

was studied in terms of microstructure, doping and application by Richter et. al. [10,

69�71]. There is always a trade-o� between the optical band gap (E04) and the dark

conductivity (�D), even through careful adjustment of the deposition parameters

can bene�t the trade-o� to some extend. With detailed investigation, the �lms were

divided in four distinct deposition regions: (1) the "fully amorphous" region, (2)

the "onset of nc-Si formation" region, (3) the "O and nc-Si enrichment" region and

(4) the "nc-Si deterioration" region [72]. The optimal deposition region for cells was

identi�ed between the (3) and (4) region. Meanwhile, study of the microstructure

by TEM and APT reveals the phase distributions in the �lms, which con�rms the

anisotropic growth of nc-Si:H. A 3D network of electrically conductive nc-Si:H
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and transparent O-rich a-SiOx:H was observed and a nearly uniform distribution of

the dopant atoms across di�erent phases was also found in both p- and n-doped

nc-SiOx:H �lms.

Microcrystalline silicon carbide As mentioned in Sec. 2.1, optical loss in the

front is always a hold-back for e�ciency of SHJ solar cells, thus good front win-

dow layers are needed. Similar to nc-SiOx:H, �c-SiC:H is also a wide band gap

(2.2-2.4 eV) [73] material that can be used in the front of SHJ solar cells to achieve

excellent light transmission. In terms of microstructure, �c-SiC:H consists of crys-

talline silicon carbide grains that are within the size of micrometers. The research

on this material has been done mainly in several aspects. The �rst one is the doping

mechanism, where nitrogen, oxygen and phosphorous are well-known dopants for

n-type doping of �c-SiC:H and aluminum, boron and gallium are well-known accep-

tors for p-type doping of �c-SiC:H [74]. More interestingly, �c-SiC:H presents to

be n-type doped even without doping gas during deposition, which is the so-called

unintentionally n-doping [75�77]. This unintentionally doping was later referred to

the uncontrolled doping from ionized nitrogen [74]. However, oxygen located at the

grain boundaries was also argued to provide donors [76, 78]. More detailed study

about the doping mechanism was carried out by Pomaska et. al [73]. It was found

that the oxygen increases the conductivity of �c-SiC:H mainly due to the lowering

of potential barrier height at the grain boundaries and the nitrogen increases the

conductivity by increased charge carrier density and charge carrier mobility [73].

Apart from the doping mechanism in �c-SiC:H, the implementation of �c-SiC:H

into SHJ solar cells is also an important issue that needs to be solved. In SHJ solar cells,

a thin a-Si:H(i) layer is a commonly used passivation layer on c-Si wafer surface.

However, when depositing �c-SiC:H on the top of a-Si:H(i) layer, the high H den-

sity in deposition process leads to etching into the c-Si surface and deteriorate the

passivation quality [79�81]. To overcome this limitation, di�erent approaches have

be proposed and tested, such as adding a thin amorphous SiC bu�er layer between

the substrate and �c-SiC:H layer [79,81] and replacing the a-Si:H(i) layer by a thin

a-SiOx:H layer or SiO2 layer to signi�cantly reduce the etching of c-Si surface. [82,83].

Here, the layers are prepared by HWCVD due to its lower H etching compared to
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that in PECVD.

The �c-SiC:H �lms used in this work was initially developed by Pomaska et.

al. [73]. The opt-electrical properties of �c-SiC:H are closely related to the deposi-

tion conditions during the HWCVD process and the key parameter is the �lament

temperature (Tf). As shown by Köhler et. al. in Figure 2.1, the conductivity of

�c-SiC:H(n) increases as the increase of Tf during HWCVD process. However, the

increase of Tf leads to severe H etching from the decomposed gas radicals and re-

duces the passivation quality. Thus, there is also a trade-o� for �c-SiC:H �lms when

implemented into SHJ solar cells. The optimal Tf has been found to be around 1750
�C in terms of passivation quality [84]. To overcome the trade-o� between the con-

ductivity and passivation quality, Cat-doping was proposed in this work and more

details will be discussed in Chapt. 4 and 5.

Figure 2.1: Conductivity of the �c-SiC:H(n) as a function the �lament temperature (Tf).

Reproduced from Ref. [84] with permission.

2.3 Catalytic-doping

The Cat-doping phenomenon was �rst accidentally discovered by Matsumura

group and reported in 2011 [85, 86]. During one hydrogenation treatment process

to improve the passivation quality of SHJ solar cells, they used a-Si:H(n) deposition

chamber instead of a-Si:H(i) deposition chamber and found that the charge carrier
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lifetime increased drastically. Later, SIMS results con�rmed that P atoms from

the a-Si:H(n) chamber were incorporated into c-Si [12, 87]. With deeper studies,

they found that Cat-doping happens even at substrate temperature (Tsub) as low as

80 �C [12], which is much lower compared to thermal di�usion in c-Si. This indi-

cates a di�erent doping mechanism might exist for Cat-doping. In the following, an

overview is given about the reported studies on Cat-doping.

Material property modi�cation Cat-doping is essentially a post-deposition dop-

ing method that uses di�erent types of dopants to change the electrical properties,

such as conductivity, of silicon thin �lms. Beyond that, di�erent side-e�ects were

also brought in either with the change of electrical property or with the HWCVD

process itself. One of the interesting abilities of Cat-doping is changing the type

of an initially doped substrate via compensation doping. For instance, Figure 2.2

shows the carrier density of c-Si wafers as a function of Tf. In Figure 2.2(a) the

Cat-doping was done on p-type wafer with phosphorous (P) Cat-doping, when Tf

was increased above 1000 �C, the result shows a conversion from p-type to n-type.

Similarly in Figure 2.2(b), when boron (B) Cat-doping was applied on n-type wafer,

the conversion from n-type to p-type also happened but with lower Tf or just with

Tsub=350 �C. The possible reason of lower requirement for B Cat-doping is that

diborane (B2H6) is much easier to crack than phosphine (PH3). More details can

be found in Ref . [12]. Besides study on c-Si wafers, applying Cat-doping on a-Si:H

also results in an increase of conductivity up to 4 orders of magnitude [13].

Secondary ion mass spectrometry (SIMS) results con�rmed the incorporation of

these two dopants ( B and P) into c-Si wafers and a-Si:H �lms with a doping depth

slightly varying from 5 to 10 nm [12,13, 86, 88]. Here, doping depth is de�ned from

the P concentration peak at the surface to the point where the curve meets the

detection limit of SIMS. Usually, the doping mechanism could be indicated by the

shape of doping pro�le (error function (erfc) indicates conventional di�usion with

unlimited source and Gaussian indicates ion implantation). However, the P pro�le

after Cat-doping cannot be distinguished between erfc and Gaussian due to the

shallow doping depth. Thus, the doping mechanism is still an open question.
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Filament temperature Tf [°C]

(a) (b)

Figure 2.2: Sheet carrier density of c-Si as a function of Tf for (a) P Cat-doping on

p-type wafer and (b) B Cat-doping on n-type wafer with two substrate temperatures (Tsub).

Reproduced from Ref. [12] with permission.

Passivation quality improvement Beyond the increase in conductivity, the passi-

vation of a SHJ cell or cell precursor was also found to be improved when Cat-doping

was performed prior to the deposition of passivation layers. Matsumura group suc-

cessfully improved the passivation quality with Cat-doping on c-Si wafers [16, 89].

The local optimal Tf has also been found around 900 to 1300 �C, as too high Tf would

cause severe H etching and create damages at the c-Si surface. After Cat-doping

process, the surface recombination velocity (SRV) is estimated to be �6 cm/s with
a minority charge carrier lifetime (�e�) of 2.4 ms [16], which is much higher than

the 1.4 ms from the sample without Cat-doping. Simulation by Afros-HET of the

band diagram shows that the barrier height at the c-Si surface and a-Si:H passiva-

tion layer is reduced by 88 meV [16]. This reduction in barrier height enhances the

backward of electron �ow, thus decreases series resistance (Rs) and improves the �ll

factor (FF ).

So far, Cat-doping was applied only on c-Si wafers and a-Si:H �lms. There still

lacks of study on other materials, such as di�erent silicon alloys that could be used

in SHJ solar cells for their outstanding electrical or optical properties. The dop-

ing mechanism is yet to be clari�ed, the improvement in passivation quality on

more structures and di�erent materials still needs to be studied. It is specially
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promising for materials with trade-o� between electrical and optical properties, since

Cat-doping is able to further tune the electrical property after �lm deposition and

might achieve a better trade-o� point. In this work, more silicon alloy materials will

be studied in detail and it will be discussed in Chapt. 4. Meanwhile, apart from

applying Cat-doping on c-Si surface, Cat-doping will also be performed on other

interfaces of SHJ cells or cell precursors to test its ability to improve passivation

quality, which will be discussed in Chapt. 5. Furthermore, SHJ solar cells with

di�erent silicon alloy �lms were made and Cat-doping was implemented to validate

the improvement in device performance, this will be dicussed in Chapt. 6.
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In this chapter the experimental methods used to prepare and characterize the

materials and solar cells are introduced. The �rst section describes the systems and

sequences used to fabricate material samples and solar cells in this work. The second

section lists all the techniques for characterization of material properties as well as

a brief description of their principles. The last section gives an overview of methods

for evaluation of solar cells.

3.1 Materials and solar cells fabrication

Plasma enhanced chemical vapor deposition (PECVD) is a commonly used

chemical vapor deposition technique to prepare thin �lms. The main components

of a PECVD system are a vaccum chamber, two adjecent electrodes with external

power generators, temperature control and gas inlet system. A sketch is given in

Figure 3.1(a). Normally alternating current (AC) generators with di�erent frequen-

cies are used to provide alternating electrical �eld between two electrodes. The

rapidly changing electrical �eld creates plasma between the electrodes. When gas

precursors are supplied, the gas molecules are decomposed between two electrodes

and the decomposed radicals then bond to the substrate forming thin �lms. Details

about the deposition condition can be found in Ref. [90,91].

Hot wire chemical vapor deposition (HWCVD) also belongs to the chemical

vapor deposition (CVD) family. Instead of using plasma in PECVD, HWCVD uses

hot �laments (aslo called catalyzers) to crack the gas molecules. Thus, HWCVD

is alternatively called Catalytic-CVD (Cat-CVD). In the vacuum chamber of a

HWCVD system, the electrodes are replaced by �laments, as illustrated in Figure
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3.1(b). Commonly used �lament materials in HWCVD are tungsten (W), tantalum

(Ta), ceramic, graphene and so on. For all the Cat-doping processes in this work,

three curled Ta �laments with a diameter of 0.5 mm and an original length of 15 cm

were used. If not speci�ed otherwise, the distance between substrate and �lament

was 90 mm, the heater temperature was set to 200 �C and pressue during the

catalytic-doping (Cat-doping) was set to 0.01 mbar. The �lament temperature (Tf)

were changed from 700 �C up to 2200 �C. Phosphine (2% PH3 diluted in helium)

was used with a gas �ow rate of 20 sccm and the process duration was kept at 10

mins for su�cient doping.

(a) (b)

Figure 3.1: Apparatus sketch of (a)PECVD and (b)HWCVD systems

Ion implantation is a common technique to implant desired impurity ions into

solid materials. The system usually consists of an ion source, an accelerator and a

target chamber where the ions are implanted. Ions are accelerated electrostatically

to a high velocity and impinge to the target, realizing impurity doping. Due to the

high energy ions, this method normally cause the physical and chemical properties

of the target to change, amorphization is a very common phenomenon due to the

damage in crystalline structure. A free software called Stopping and Range of Ions

in Mass (SRIM) is used to simulate the distribution of ions at di�erent energy and

dose. In this work, ion implantation and SRIM were used to produce standard

samples which act as calibration reference in SIMS measurement. The reference

samples were initially intrinsic silicon alloy �lms and were implanted with P atoms.
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Magnetron sputtering is a physical vapor deposition (PVD) technique. The prin-

ciple of magnetron sputtering is that in a high vaccum chamber, electrons move

quickly under electrical �eld and collide with argon molecules (Ar), creating plasma

by ionization of Ar. Charged Ar radicals then accelerate towards the target and

bombard the target composition out. Then the target radicals travel to the sub-

strate forming thin �lms. Magnetic �eld combined with electrical �eld inside the

chamber makes electrons move in circles, this increases the collision rate with Ar

thus increase the deposition rate of magnetron sputtering. In this work, magnetron

sputtering was used to deposit indium tin oxide (ITO) as a transparent conductive

oxide (TCO) layer. A typical recipe used was: an ITO target with 5 wt. % tin

oxide (SnO2), substrate temperature set to 125 �C, 27 sccm Ar mixed with 3 sccm

oxygen (molecular oxygen (O2) diluted to 1% in Ar) at a p of 4:7� 10�3 mbar. The

substrate rotated at 5 rpm.

Thermal evaporation also belongs to PVD family. The target material is heated

in a boat, usually made with W, to vapor phase. Under the high vacuum condi-

tion, the mean free path is large enough for evaporated molecules to travel to the

substrate. A piezoelectrical crystal was used to characterize the deposition rate by

monitoring the vibration frequency change from deposition of �lms. In this work, a

W boat was used to evaporate silver (Ag) for di�erent metal contacts. For example,

co-planar contacts were fabricated by evaporation with a layout of 5 mm long, 3.5

mm wide, 700 nm thick and 0.5 mm apart from each other. Some metal contacts

for solar cells were also prepared by evaporation.

Screen printing is currently a dominate metallization process in the PV industrial

for its simplicity. Figure 3.2 shows (a)the screen with patterned opening and (b)

complete cell with contacts made by screen printing. Screens with certain opening

are specially designed for both front and back side. The silver paste is forced through

the screen with pattern meshed and bonds to the substrate. Then the samples are

annealed in the oven at around 200 �C to get rid of the organic binders in the paste.

Solar cell fabrication An overview of the solar cell fabrication procedure is shown

in Fig. 3.3. Double side textured n-type crystalline wafer (c-Si) with an orientation
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(a) (b)

Figure 3.2: Screen printing (a) close view of the screen with patterned opening and (b)

complete cell with contacts prepared by screen printing

of (100) was �rst cleaned wtih standard cleaning process developed at Radio Cor-

poration of America (RCA), followed by a HF immersion. Then shortly the wafer

was moved into PECVD system for the deposition of a-Si:H(i) passivation layers

and doped layers on both sides. After the deposition of silicon thin �lms, ITO �lms

were prepared on the stacks by magnetron sputtering. The last step was making Ag

contacts either by thermal evaporation or screen printing. The complete cell was

then annealed at a temperature varying from 170 to 220 �C.

clean c-Si(n) wafer surface passivation rear emitter and
front surface field

ITO metalization
Ag

ITO
a-Si:H(n)
a-Si:H(i)

c-Si(n)
a-Si:H(i)

a-Si:H(p)
ITO
Ag

Figure 3.3: a typical SHJ solar cell fabrication procedure

30



3.2 Material characterization

3.2 Material characterization

Thickness. A step pro�ler (Vecco DEKTAK 6M Stylus Pro�ler) was used to de-

termine the thickness of a sample. A probing tip was used to scan across the sample

surface and then determine the step between the substrate and �lm. The step be-

tween the substrate and �lm was usually created by making a mark on the substrate

before deposition and removing it after deposition. The mark can be done with stick

tapes or marker pens (which can be removed by IPA).

Conductivity. The lateral conductivity of a thin �lm sample was measured by

using a co-planar contacts with the layout is described in Sec. 3.1. The measurement

was usually done in the dark, at room temperature and in air atmosphere. A scan

in a voltage range between -100 � +100 V was �rst performed to monitor the

ohmic contact between the sample and measuring probes, also the current range was

checked not to exceed the up limit of 1 mA. The conductivity was then calculated

by Eq. 3.1.

� =
I

V

w

dl
(3.1)

where w is the distance between the Ag contacts, l is the Ag contact length and d

is the thickness of the �lm.

Spectrophotometry is a quantitative method to measure the interaction of a thin

�lm with light as a function of wavelength (�). A UV-vis-NIR spectrophotometer

(Perkin Elmer LAMBDA 950) was used in this study to measure the total spectral

re�ectance (R) and transmittance (T ). The samples were usually prepared on glass

substrates and measured in a wavelength range of 300-1500 nm, which is the most

relevant range for silicon solar cells. The absorption coe�cient (�) is determined by

Eq. 3.2.

e�d � T

1�R
(3.2)

Photothermal de�ection spectroscopy (PDS) is another method to derive the

absorption coe�cient (�) of thin �lm samples, but with much higher sensitivity. The

sample is immersed in a liquid medium (typically carbon tetrachloride(CCl4)), for
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which the refractive index (n) changes with temperature. Two light beams are used

during the measurement, one monochromatic light is directed towards the sample

and one probing laser beam is in parallel to the sample surface. The absorption

of the monochromatic light in the sample leads to a rising temperature and heats

up the surrounding liquid. The n changes proportionally due to the heating and

cause a de�ection of the laser beam, which is then used to determine the absorption

coe�cient of the �lm. For a measurement performed by spectrophotometry, the

absorption is usually derived from the di�erence of signals that are in large numbers

and this makes the accuracy poor when the absorption is small. For measurement by

PDS, the de�ection signal is proportional to absorption making PDS more accurate

method at low absorption. In this study, both spectrophotometry and PDS were

used to determine the light absorption of thin �lms. PDS is more often used for low

energy range absorption where the free charge carrier absorption happens.

Raman spectroscopy observes vibrational, rotational and other low-frequency

modes in a system to identify molecules and their structures. When a light is

applied on a sample, the Raman e�ect happens in form a inelastic scattering where

the sample is excited by photons. The excitation puts molecules in the sample to a

virtual energy state shortly before the photons are emitted, but to a lower or higher

energy states. This is called Stock shift and Anti-Stock shift, respectively. The

polarizability changes as Raman e�ect occurs and the intensity of Raman spectrum

is proportional to the polarizability change. Therefore, by detecting the intensity of

Raman spectrum, di�erent rovibronic states of the molecules can be quantitatively

identi�ed to reveal the complex composition of the material. For silicon based

material, due to the di�erence in Si-Si bond angels and length in amorphous phase,

the transverse optical mode of the Si-Si vibration shifts from sharp 520 cm�2 peak to

a broad peak around 480 cm�2. In this study, a Renishaw inVia Raman Microscope

was used to determine the crystalline volume fraction in the �lms. A laser with 532

nm wavelength was used and the power was set to 1.2 mW. After the measurements,

the data was evaluated by a home-developed program for the value of crystalline

volume fraction.
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Atom probe tomography (APT) is a destructive method that o�ers both 3D

imaging and chemical composition measurements at atomic scale. The sample

should be prepared as a sharp tip and cooled down during measurement so atoms

stay in one place. High voltage is introduced at the small radius of the tip and very

high electrostatic �eld is created, which is just below the point of atom evaporation.

Upon applying laser or voltage pulse, atoms are evaporated from the tip surface

and been collected at the position sensitive detector. Meanwhile, the use of time-

of-�ight spectrometer identi�es the species of the atoms. In this way, the 3D image

of interested atoms could be reconstructed to analyze possible microstructure and

segregation of thin �lms.

Secondary ion mass spectrometry (SIMS) is a powerful tool to analyze the

composition of solid materials with good depth resolution. First the target is sput-

tered with primary ions (commonly used are oxygen (O+) and cesium (Cs+) ions)

and the charged secondary ions are ejected from the surface, then the secondary ions

are collected and identi�ed in a mass spectrometer. In this study, the SIMS was used

to determine the distribution pro�les of P, Si, O, B and H atoms. For every SIMS

sample, a 15 nm a-Si:H(i) was deposited on top of the samples as a di�usion barrier

for sputter ions and a bu�er layer for unstable etching plasma at the beginning of

the measurement [92]. Relative sensitivity factor (RSF) was obtained by using the

reference from ion implanted samples for di�erent silicon alloys. The measurements

were performed in the Central Institute for Engineering, Electronics and Analytics

(ZEA-3), Forschungszentrum Jülich, more details can be found in Ref. [65].

Electrochemical capacitance voltage (eCV) is often used to measure the active

carrier concentration pro�les in semi-conductor �lms. By forming Schottky contact

between the electrolyte and semiconductor �lms, a depletion region is created where

no free electrons and holes exist thus behaves like a capacitor. The carrier concen-

tration then can be derived by measuring the capacitance. It should be noted that

the carriers come from not only doping but also other aspects, such as electrically

active defects and traps. Depth pro�les of carrier concentration can be obtained

by electrolytically etching of the semiconductor and repeated capacitance measure-

ments. A sketch of the electrochemical cell is shown in Figure 3.4 [93]. The sample
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is pressed against a small sealing ring,through which the sample gets contacted with

the electrolyte in the te�on made cell. A saturated calomel electrode is used as a

reference to measure the applied potential between the semiconductor and electrode.

A linear relationship between 1=C2 and V exists in a metal/semiconductor junction:

1

C2
=

2(�� V )

qN"0"rA2
(3.3)

where C is the junction capacitance, V is the applied voltage, � is the built in or

contact potential, q is the charge of electron, N is the carrier concentration, "0 is the

permittivity of free space, "r is the relative permittivity of the semiconductor and

A is the e�ective contact or etch area on the sample. Therefore, the charge carrier

concentration at the edge of the depletion region is given by:

N =
1

q"0"rA2
� C3

dC=dV
(3.4)

By choosing sealing ring with a certain area, measuring C and dC=dV with a modu-

lated voltage at di�erent frequencies, the N can be derived. Together with step-wise

etching, the carrier concentration pro�le can be obtained.

Figure 3.4: electrochemical cell of an eCV setup
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3.3 Device characterization

3.3 Device characterization

Photo conductance lifetime. The e�ective minority carrier lifetime (�e�) is mea-

sured with a Sinton WTC-120 Photoconductance Lifetime tester. One mode for the

test is the Quasi Steady-State mode (QSS), when slowly decaying �ash pulse is used.

In QSS mode, the excess carrier population is considered to be steady-state which

means that the carrier generation rate (G(t))and recombination rate are in balance.

Simultaneously measurement of the sheet conductance inductively by RF coil cou-

pled to the sample and the light intensity of the �ash, the G(t) and excess carrier

density �n can be derived by comparing to their respective reference. Then the life-

time e�ective carrier lifetime (�e�) can be determined via the steady-state condition

�n = G� . In this study, the �e� is always taken at �n = 1015cm�3. The QSS mode

is suitable for �e� under 200 �s. When �e� is above 200 �s, Transient Photoconduc-

tance Decay (PCD) mode is recommended. For transient mode, a shorter pulse of

light is applied, usually in a range of 100-200 �s, and the decay of sheet conductance

as a function of time is measured. �n is derived from sheet conductance measured

after each �ash. Then the �e� is determined via � = ��n=(d�n=dt). For QSS and

PCD modes, they are both extreme cases where only steady-state and no generation

are considered, respectively. The more common cases are the combination of both

modes: the generalized analysis mode in which the �e� is given by [94]

� =
�n

G� d
dt
�n

(3.5)

Besides �e�, implied open circuit voltage (iVoc) is another way to characterize the

passivation quality de�ned by

iVOC =
kB
q
ln[

(�n+NA)�n

n2i
] (3.6)

where kB is the Boltzmann constant, T is the temperature, q is the charge of electron,

NA is the acceptor doping concentration and ni is the intrinsic carrier concentration.

The iVoc indicates the upper limit of Voc in the cell. The upper limit of FF can also

be obtained from implied �ll factor (iFF ) which is free of series resistance (Rs).

Current-Voltage (IV) characterization. The IV characterization is performed

with a highly integrated solar cell analysis system "LOANA" from pv-tools GmbH.
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Standard test conditions (AM1.5G, 100 mW/cm2, 25 �C) is employed for the IV

curve. Current density (J) is derived from dividing the total current with the

cell area. The short circuit current density (Jsc) and open circuit voltage (Voc)

are determined from the IV curve at V = 0 V and J = 0 mA=cm2, respectively.

FF is the ratio between maximum power (Pmpp) from IV curve and the product

of Voc and Jsc, i.e. FF=Voc � Jsc=Pmpp. The e�ciency (�)of the cell is de�ned as

ratio between Pmpp and the illumination power from the solar spectrum simulator

(Psolar = 100 mW=cm2), i.e. �=Vmpp � Jmpp=Psolar = Voc � Jsc �FF=Psolar. The shunt
resistance (Rsh)and series resistance (Rs) is measured from both IV curve and multi-

light method.

Quantum e�ciency (QE) o�ers detailed information of light absorption and

carrier extraction in a solar cell with spectral resolution. The external quantum

e�ciency (EQE) is de�ned as the portion between the number of charge car-

riers collected by the solar cell and the number of photons illuminated on the

cell as a function of wavelength. Compared tp EQE, the internal quantum e�-

ciency (IQE), excludes the optical loss from front re�ectance (R) by calculating

IQE = EQE=(1 � R � T ). The IQE is the ratio between the number of charge

carriers collected and the number of photons absorbed by the cell, giving an in-

dependent insight into the losses within the solar cell. The EQE and R are both

characterized using LOANA and subsequently IQE is calculated.
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4 Catalytic-doping on Silicon

Alloys

In this chapter the structural, electrical, and optical properties of di�erent silicon

alloys, i.e. a-Si:H, �c-Si:H, nc-SiOx:H and �c-SiC:H, will be discussed together with

the impact of Cat-doping process when applied on these thin �lms. Cat-doping pro-

cesses were applied on various doping types of these material as a guiding study for

related device development. First the ghost �lm deposition during the Cat-doping

process and the microstructure change of silicon alloys will be introduced and dis-

cussed. The impact of Cat-doping on the properties of aforementioned four materials

will also be discussed separately in each section and then the correlation between

the e�ectiveness of Cat-doping and the microstructures of di�erent materials will be

discussed.

4.1 Possible ghost �lm deposition and

microstructure change

All the Cat-doping processes in this work didn't involve any use of SiH4 containing

gases, which means there was no intentional thin �lm deposition on the substrate

by Cat-doping. The HWCVD chamber was also speci�cally used for Cat-doping

without any other silicon thin �lm deposition performed in the chamber. However,

there still could be some possibilities that thin �lms are deposited on the substrate,

which is called ghost �lm deposition. The �rst is the re-deposition of silicon thin

�lms. There is atomic H during the Cat-doping process due to the crack of PH3

molecules. The atomic H could etch away existing silicon �lms on the substrate,
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4.2 Mechanism of Cat-doping on silicon alloys

For both a-Si:H and �c-Si:H, the solid lines and dash lines overlap perfectly with

each other and the evaluated Raman crystallinity remains unchanged, which implies

that there no visible change in the microstructure of both amorphous and crystalline

phases.

4.2 Mechanism of Cat-doping on silicon alloys

Cat-doping is based on HWCVD system which is a simple apparatus. But the

mechanism of Cat-doping process itself is not yet totally understood due to its super

facial doping depth. The �uxes of P radicals produced at the surface of hot �laments

are simpli�ed and illustrated in Figure 4.2. The movement of the P radicals could be

divided into three directions: (1) absorbed at the surface of the silicon thin �lms, (b)

desorb from the surface back into the vacuum, (c) di�use into the �lm. Therefore,

the dynamic of the radical �ux could be expressed as below. Firstly, the P radical

density inside the chamber at a given condition can be de�ned by [87]:

n =
Pg
kTg

(4.1)

where Pg is the gas pressure, k is the Boltzmann constant and Tg is the gas temper-

ature. The thermal velocity of the radicals is:

� =

r
8kTg
�m

(4.2)

where m is the mass of the radicals. Then the number of P radicals collides with

the substrate per unit area and unit time is:

J0 =
1

4
n� (4.3)

When the P radicals are absorbed at the substrate surface, part of them will di�use

into the �lm and others will desorb back into the vacuum. The number of P radicals

desorb form the substrate can be determined by [97]:

Jd = J0�0e
�

�Gd

kT (4.4)

where �0 is the vibrational frequency and �Gd is the energy needed for desorp-

tion. With these three �uxes de�ned, the Cat-doping is then an equilibrium process

at a given �lament, chamber and substrate conditions, which also determine the

e�ectiveness of Cat-doping in di�erent silicon thin �lm materials.
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4 Catalytic-doping on Silicon Alloys

P
P

silicon thin film

diffuse

absorb
desorb

move

Figure 4.2: Illustration of the Cat-doping process applied onto silicon thin �lms

In a single Cat-doping process, the producing of P radicals could be seen as a

dynamic equilibrium at given conditions. Consider the high energy needed for ion

implantation, it is more reasonable to treat a Cat-doping process as a di�usion

process. Then, the number of P radicals stay on the substrate can be seen as J0�Jd

due to continuously supply of PH3 gas and small amount of P atoms di�used into

the substrate. Therefore, the di�usion in a Cat-doping process could also be seen as

an in�nite source di�usion using Eq. 4.5. The di�usion of P atoms in silicon with

in�nite source might be describes using Fick's law as:

C(x; t) = CS erfc (
xp
2Dt

) (4.5)

where the P concentration C(x; t) at a certain di�usion time t and depth x can be

calculated from the source concentration CS and di�usion coe�cient D with the

complementary error function erfc. In Eq. 4.5, the di�usion coe�cient D can be

determined using Arrhenius equation as:

D = D0 � e�
EA

RT (4.6)

where D is the di�usion coe�cient, D0 is the maximal di�usion coe�cient(at in�nite

temperature), EA is the activation energy for di�usion, R is the universal gas con-

stant and T is the absolute temperature. Although di�usion is used to discuss the
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4.3 Microcrystalline silicon

in-di�use �ux in the Cat-doping shown in Figure 4.2, the actual mechanism is not

very clear yet. Several speculations have been proposed by Matsumura et al. [87]

together with some �rst-principle calculation [98], but no solid proof has been shown

for those speculations. More discussion is shown in Sec.4.7.

4.3 Microcrystalline silicon

Microcrystalline silicon is considered as a promising candidate to be used in

SHJ solar cells for its higher conductivity and slightly lower absorption coe�cient

compared to a-Si:H [9, 43]. With Cat-doping's ability of tuning the properties to

the level beyond as-grown �lms, the electrical property of �c-Si:H could be pushed

further for the use in SHJ solar cells. In this section, Cat-doping was applied onto

di�erent doping types of �c-Si:H with di�erent Raman crystallinities (�c) and the

in�uence on electrical property is discussed. The Cat-doping process parameter was

initiated from Matsumura et al. [12] and the processing time was set to 10 min for

su�cient doping.

4.3.1 Intrinsic microcrystalline silicon

Intrinsic microcrystalline silicon �lms with di�erent �c was prepared by PECVD

and the original conductivity (�0) was measured with evaporated Ag contacts. Then,

Cat-doping was performed on these samples with Tf of 1000 �C and the conductiv-

ity (�Cat) was measured again on the same samples. The results are shown in

Figure 4.3(a) together with calculated ratio between �Cat=�0 in Figure 4.3(b). First,

the conductivity of these �c-Si:H(i) �lms increases exponentially with the increase

of �c, from about 10�12 S/cm to 10�5 S/cm. This is likely due to the fact that at

higher �c, the �lms have higher e�ective carrier mobility [99]. It could also be found

that after Cat-doping, the conductivity increases considerably for all the samples

with di�erent �c. For the �c-Si:H with a crystallinity around 90%, the �Cat shows

the highest value of 7.67�10�5 S/cm after Cat-doping. Comparing the conductivity

increasing ratio vs the �c, it seems that they all scattered around 101 to 104 and

shows no strong correlation between the increase of conductivity and their crys-
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4.3 Microcrystalline silicon

�lm within a shallow depth. When increasing Tf, the P doping concentration (NP)

increases from 2 � 1020cm�3 at Tf of 1000 �C to 3 � 1021cm�3 at Tf of 1800 �C.

Then in Figure 4.4(b), the Tsub was changed from 100 �C to 300 �C, but despite the

incorporation of P atoms into �c-Si:H(i) �lms the P pro�les don't di�er much from

each other. At di�erent Tsub, they all have a similar NP around 2 � 1020cm�3, as

illustrated in Figure 4.4(c). The processing pressure was also altered from 0.01 mbar

to 0.2 mbar and NP �rst increases from 2� 1020cm�3 at 0.01mbar to 1� 1021cm�3

at 0.1 mbar, then drop slightly to 7� 1020cm�3 at 0.2 mbar.
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Figure 4.4: P pro�les and charge carrier density in �c-Si:H(i) after Cat-doping with

di�erent parameters: (a,d) Cat-doping at di�erent Tf, (b,e) Cat-doping at di�erent Tsub,

(c,f) Cat-doping at di�erent processing pressures

Former study shows that at higher Tf, the decomposition e�ciency of PH3 is

higher [95]. Therefore, the P radical concentration inside the chamber is larger at

higher Tf and more P atoms might penetrate into the �lms resulting in larger NP.

The P radicals have higher translational kinetic energy when higher Tf was used [100].

Those P radicals with higher energy might penetrate deeper into the �lms. However,
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4 Catalytic-doping on Silicon Alloys

due to the detection limit of SIMS, the tail of NP cannot be seen and the accurate

depth cannot be read. All the doping depth from Cat-doping are de�ned as the

distance from the peak concentration to the point where NP equals the detection

limit. It should be noted that this de�nition of doping depth is acceptable since NP

below the detect limit may not have a major impact on the material properties nor

device performance.

The di�usion coe�cient of the P atoms inside silicon is de�ned by Eq. 4.6. When

using larger Tsub, the D is larger, therefore more P atoms can di�use into the �lms

and the di�usion depth is also larger as de�ned by ddiff = 2
p
Dt, where t is the

di�usion time. In the case of Cat-doping into silicon thin �lms, since the dynamic

equilibrium of P radical producing process, it could be seen as a in�nite di�usion

source at the surface of the sample. As [100] has pointed out that the gas tem-

perature inside the chamber will dramatically drop when it gets further from the

�lament. In addition, when the pressure inside the chamber is lower the impact

on Tsub from Tf is less signi�cant. Tests were carried out in this study simply by

using a thermal tape indicator which can show roughly the temperature range of

the substrate it adheres to. The results showed that at Tf=1000 �C, Tsub=200 �C,

distance of 20 cm and pressure of 1 Pa, no obvious rise of Tsub occurs. It should be

noted that, Tsub of 200 �C is mostly used in this study and this leads to additional

thermal impact besides that from the hot �lament. In many cases, the thermal

impact from substrate heating would be larger than that from large-distance hot

�lament. Furthermore, when using higher pressure or Tf, the thermal impact from

the hot �lament could overrun the substrate heating. Nevertheless, these e�ects

brings thermal annealing e�ect into the Cat-doping process.

Though the di�usion coe�cient D is larger at higher Tsub, NP at di�erent Tsub

is almost identical with a NP of 2 � 1020cm�3 and depth of 15 nm, as shown in

Figure 4.4. The P pro�les in the �c-Si:H(i) at di�erent Tsub are almost identical

and shallow. Actually the temperature for di�usion of P atoms in silicon used in

industry is very high, usually above 850 �C. Therefore, it might be related to the

microstructure of �c-Si:H(i), such as grain boundaries, defects and dangling bonds

inside the �lm. The relation between the e�ectiveness and microstructure of silicon
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4.3 Microcrystalline silicon

thin �lms will be discussed later in Sec. 4.7 together with other silicon materials.

Altering the processing pressure during the Cat-doping process leads to the in-

crease of NP at �rst then slight drop at even higher pressure. NP �rst increases from

2� 1020cm�3 at 0.01 mbar to 1� 1021cm�3 at 0.1 mbar, then decreases slightly to

7� 1020cm�3 at 0.2 mbar. The possible explanation could be that: �rst increasing

the pressure could lead to the increase of PH3 molecules inside the chamber there-

fore more P radicals will be produced, which in turn leads to the increase of NP.

However, at a given Tf, the decomposition e�ciency is limited. With limited surface

area of the �laments, the amount of PH3 can be decomposed is limited. Further

increase of PH3 beyond the decompose limit inside the chamber will result in �nite

number of decomposed P radicals. When there are more PH3 molecular than the

�laments can decompose, the P radicals are diluted by the un-decomposed PH3,

which results in slightly decrease of NP. It could also be that at higher pressure,

the mean free path of those radicals decline so that less P radicals could reach the

sample surface leading to the decrease in NP.

The charge carrier densities (Nc) of �c-Si:H(i) �lms with Cat-doping at di�erent

conditions were also measured using electrochemical capacitance voltage (eCV). The

results are illustrated in Figure 4.4(d,e,f). The reference is from �c-Si:H(i) �lm

without Cat-doping. The Nc of 1015 � 1016cm�3 may come from the intrinsic

defects or impurities [101]. When di�erent Tf were used, the NP increases as Tf

increases and it leads to slight increase in Nc from 7� 1018cm�3 at Tf of 1000 �C to

3 � 1019cm�3 at Tf of 1400 �C. The Nc for Tf of 1800 �C is however lower around

1 � 1018cm�3 despite that the related NP is the highest. The reason for this could

be that at 1800 �C, the �lm starts to be etched by the H atoms inside the chamber

and what measured is actually from deeper in the �lm where NP is lower.

Changing the Tsub during the Cat-doping process didn't change NP inside the

�c-Si:H(i) �lms, which is also re�ected in the Nc pro�les in Figure 4.4(e). The

Nc of all three di�erent Tsub is around 2 � 1019cm�3 with no obvious di�erence.

Altering the processing pressures also results in similar Nc at around 1� 1019cm�3

for all di�erent conditions, although the NP in the pressure series shows trend of
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4.3 Microcrystalline silicon

� is similar around 101S=cm and after Cat-doping, the � all increased slightly by

1 � 2 times. The reason for the increase in � could be �rstly the decrease of defects

and increase of mobility and dopants activation ratio when the �lms are annealed

by the thermal e�ect during the Cat-doping process [102, 103]. The second reason

could be the increase in P donors due to P incorporation during Cat-doping process.

Di�erent e�ects co-exist during the Cat-doping process and details will be discussed

in Sec. 5.1. Nevertheless, the increase in conductivity for all the samples means that

the Cat-doping could be used to improve the electrical property of �c-Si:H(i) �lms

regardless of the deposition condition and similar enhancement might be achieved.

It is bene�cial for device fabrication since the limitation is reduced on material

choose while the e�ect of Cat-doping could be reserved. �c-Si:H(n) �lms prepared

at di�erent plasma powers have similar electrical improvement after Cat-doping, in

the following work the 10 W condition is chosen for its low plasma power density

thus low damage to the sample surface.

To have an insight of the P concentration and charge carrier density inside the

�c-Si:H(n) �lms after Cat-doping, SIMS and eCV measurements had also been

carried out, the results are shown in Figure 4.6. Firstly, from the SIMS results

(4.6(a,b,c)), the �c-Si:H(n) �lms have a very high base doping of P, around 5 �
1020cm�3. After Cat-doping at di�erent Tf, there is slightly increase of NP in the

�rst few nanometers. Changing Tsub doesn't a�ect NP that much and the change

can be ignored. Increasing the processing pressure, NP has small increase in the

surface layer. The reason for the small increase of NP in �c-Si:H(n) �lms could be

that these �lms are already highly doped. Thus, Cat-doping could incorporate a

certain amount of P atoms, but compared to the increase ratio in �c-Si:H(i) the

increase ratio in �c-Si:H(n) is much smaller. This is also re�ected in the Nc, shown

in Figure 4.6(d,e,f). When altering all the three parameters (Tf, Tsub, pressure), Nc

doesn't vary much in the range of 1020 � 1021cm�3. The total amount of the P

atoms incorporated into the �lms and the active charge carrier, however, may di�er

from NP and Nc results, where only trend is shown but no statics analyze. Together

with comparison to other materials, the amount of P atoms and charge carriers will

be discussed in Sec. 4.7.
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4.3 Microcrystalline silicon

are mainly three e�ects involved in a Cat-doping process, i.e. thermal annealing,

hydrogenation and P doping, this will be discussed in detail in Sec. 5.1.

In the case of Cat-doping on �c-Si:H(p) �lms on glass using PH3 gas, the thermal

annealing which mainly comes from substrate heating and P doping may play a

major role. For Cat-doping at Tsub of 200 �C, there is strong annealing e�ect.

The annealing could lead to the increase in conductivity due to further activation

of dopants, improvement of carrier mobility and reduce of defects inside the �lm

[102,103]. For the reference sample with only annealing, the conductivity increases

by 1.1 S/cm which is likely solely due to thermal annealing. When Cat-doping

was done to the samples, P atoms were incorporated into the �lms, which actually

compensation the p-type doping in �c-Si:H(p) and reduces the conductivity. As

shown in Figure 4.7(a) at Tsub of 200 �C, when introducing Cat-doping, � still

increase as less as 0.2 S/cm and it is not as much as that from the annealed sample.

The possible explanation is that the annealing e�ect is now competing with the P

doping to change the conductivity, but with Tsub of 200 �C, the annealing e�ect is

the dominate one. Therefore, with Cat-doping, �Cat is still larger than �0, but the

increase become smaller when increasing Tf which could incorporate more P atoms

into the �lm. However, after 1300 �C, the increase in � becomes larger again, this

is likely due to the fact that when higher Tf was used, the thermal radiation from

the hot �laments added up to the annealing e�ect and let the change in � become

large again.

To reduce the thermal annealing e�ect from the substrate, the heater temperature

was lowered to 100 �C as well as room temperature (RT). At Tsub of 100 �C, the

annealing e�ect is less signi�cant. When Cat-doping is done to the �lms at Tf of

1000 �C, the change of � is close to 0 indicating that the P doping completely

compensated the annealing e�ect. Further increase Tf, �� becomes negative down

to -0.1 S/cm where the P doping dominates over the annealing e�ect. When further

increasing Tf up to 2000 �C and above, �� becomes positive again, indicating that

the conductivity increase again and the annealing e�ect comes to play a big role

again. For the series with Tsub at RT, the trend of �� is similar but the turning

point is di�erent: the P doping overcomes the annealing e�ect after Tf reaches 1600
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4.4 Amorphous silicon

For a closer look at the distribution of P atoms inside the �c-Si:H(p) �lms, SIMS

measurements were done to some of the samples, the results are shown in Figure

4.7(b). First, the �c-Si:H(p) �lm is initially doped by B with a Si-B pair concentra-

tion around 7:5�1020cm�3 and no P atoms inside, as shown in dark gray line which

is actually the detection limit of SIMS. When applying Cat-doping onto the �lms

at di�erent Tf, di�erent amount of P atoms were incorporated into the �lms. When

using Tf of 1000 �C, the NP is 6 � 1019cm�3. Further elevating Tf, NP increases

to 3 � 1020cm�3. Surprisingly, this value is exactly the same as the NP from the

Cat-doped �c-Si:H(i) �lms at Tf of 1800 �C in Sec. 4.3.1. It seems that the initial

doping of B does not in�uence the further doping of P. This independence of NP

on initial B doping gives hints that the amount of P atoms incorporated into the

�lms may not depend on the saturated NP from as -deposited �lms, but on the

Cat-doping conditions, such as Tf, Tsub and pressure. However, the signi�cance of

Cat-doping seems a�ected by the initial doping, i.e. when the initial doping is too

high, the further doping from Cat-doping may not play a big role on the properties

of the �lms.

4.4 Amorphous silicon

Hydrogenated amorphous silicon (a-Si:H) thin �lms are widely used in SHJ solar cells

for both passivation and surface �eld/emitter when intrinsic and doped a-Si:H �lms

are applied, respectively. The intrinsic a-Si:H layers o�er excellent passivation qual-

ity for SHJ solar cells and can achieve very high Voc in the solar cells [4, 5, 105].

However, there are still several problems with using a-Si:H in SHJ solar cells to be

solved on its way to higher e�ciency. One of the most important issues is that

a-Si:H layers cause parasitic absorption in the short wavelength range [4]. The sec-

ond one is that to guarantee su�cient passivation, a certain thickness of a-Si:H(i)

is required. The poor conductivity of a-Si:H(i) layer then cause a poor trade-o�

between high passivation quality and good �ll factor of SHJ solar cells. To improve

the electrical property of a-Si:H �lms as passivation layer or surface �eld/emitter

layer, Cat-doping on a-Si:H �lms are studied and discussed in this section.
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4 Catalytic-doping on Silicon Alloys

4.4.1 Intrinsic amorphous silicon

Intrinsic amorphous silicon (a-Si:H(i)) �lms are used for passivation but have

poor electrical property. Cat-doping was done on the a-Si:H(i) �lms to study the

e�ectiveness of Cat-doping to improve the electrical property of a-Si:H(i). 35 nm

a-Si:H(i) �lms were prepared and Cat-doping process was done on these �lms fol-

lowed by SIMS characterization. The results are shown in Figure 4.8 with three

variations in process conditions. Similar as for the Cat-doping on �c-Si:H(i/n) �lms

in Sec.4.3, P atoms were incorporated into a-Si:H(i) �lms with di�erent P concen-

trations NP. First, when Tf increases from 1000 �C to 2200 �C, NP increases from

2� 1020 to 6� 1021 cm�3, together with the increase in penetration depth from 10

nm to 15�20 nm. When raising the Tsub from 100 �C to 300 �C, NP decreases from

4 � 1020 to 1 � 1020 cm�3 while the penetration depth stays the same around 10

nm. As discussed in Sec.4.3.1, the decrease in NP could be attributed to the fact

that more P radicals escape from the substrate when higher Tsub is used. For the

change in processing pressures, NP �rst increases from 2 � 1020 to 3 � 1021 cm�3

due to the increase of P radicals at higher pressure, and the NP decreases slightly to

2� 1021 cm�3 due to the decrease of P radicals density at the sample surface. The

doping depth also �rst increases from 10 nm to 15 nm then drop slightly.

4.4.2 N-type doped amorphous silicon

N-type doped amorphous silicon (a-Si:H(n)) �lms are usually used as front surface

�eld layer in SHJ solar cells. P atoms are incorporated into the a-Si:H(i) �lms by

Cat-doping and realized post-deposition doping within a shallow depth, it is also

interesting to perform Cat-doping on a-Si:H(n) layers to investigate whether the

electrical property can be improved further after deposition. Therefore, the same

series of experiments done to the �c-Si:H and a-Si:H(i) were also performed on

a-Si:H(n) layers. SIMS and eCV measurements were also carried out for the P

pro�les and charge carrier density pro�les inside the �lms. The results are shown in

Figure 4.9, where (a,b,c) are the P distribution pro�les in the �lms after Cat-doping

at di�erent conditions and (e,d,f) are the charge carrier density inside. Reference

sample was included for comparison. First, in Figure 4.9(a,d), the reference sample
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Figure 4.8: P pro�les in a-Si:H(i) after Cat-doping with di�erent parameters: (a)

Cat-doping at di�erent Tf, (b) Cat-doping at di�erent Tsub, (c) Cat-doping at di�erent

processing pressures

of a-Si:H(n) without Cat-doping has a constant NP of 1 � 1021cm�3 and a Nc of

2�1018cm�3 across the whole �lm. NP increases slightly at the very facial thickness,

when �rst lifting the Tf from 1000 �C to 1800 �C during the Cat-doping process.

Continuing to raise the Tf NP then increases relatively largely to 3 � 1021cm�3.

Consequently Nc also increases when Tf increases, resulting a highest Nc of 1 �
1019cm�3 at a Tf of 2200 �C. Comparing to the P distributions in a-Si:H(i) after

Cat-doping, the increase in NP is less signi�cant in a-Si:H(n) �lms, the reason could

be that in P doped n-type a-Si:H, the NP is already very high and the P atoms

can neither been incorporated so easily nor the incorporated P atoms cannot make

a huge di�erence at this level of NP. As for Nc from eCV measurements, here the
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4 Catalytic-doping on Silicon Alloys

Nc is plotted vs etched depth detch due to the fact that when the charge carrier

density is very low, under a given condition of electrolyte used and voltage applied,

the depletion width is very large. When the depletion is large to a extend of the

thickness of the interested layer, the information of Nc inside the interested thin

layer cannot be read clearly. By plotting Nc vs detch provides another way to see the

change of Nc inside the �lm. This is possible because that the intrinsic capping layer

is continuously etched away and the depletion zone will stretch into the Cat-doped

layer where Nc increases, this increase could be seen in Nc pro�le.
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Figure 4.9: P pro�les and charge carrier density in a-Si:H(n) after Cat-doping with dif-

ferent parameters: (a,d) Cat-doping at di�erent Tf, (b,e) Cat-doping at di�erent Tsub, (c,f)

Cat-doping at di�erent processing pressures
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4.5 Nanocrystalline Silicon Oxide

4.5 Nanocrystalline Silicon Oxide

Nanocrystalline silicon oxide is a wide band gap material that is a good candidate

for front windows layer in SHJ solar cells. It consists of three phases: amorphous

silicon oxide (a-SiOx:H), a-Si:H and nanocrystalline silicon (nc-Si), as illustrated in

Figure 4.10 [43, 69]. In Figure 4.10(a) is a-Si:H, inside which there is no crystalline

phase but many voids and defects. In Figure 4.10(b), the �c-Si:H has both a-Si:H

phase and crystalline (c-Si) phase. In Figure 4.10(c-d), nc-SiOx:H has additional

a-SiOx:H phase with a larger optical band gap. The larger band gap of a-SiOx:H

than the commonly used a-Si:H �lm bene�ts in light absorption in the front side of a

cell. The property of nc-SiOx:H is tunable through deposition conditions, such as O

concentration in the gas mixture. However, the limitation of nc-SiOx:H lies on the

trade-o� between the electrical and optical properties of the nc-SiOx:H �lms. With

higher O concentration CO inside the �lm, it is more transparent but less conductive;

with lower CO, the �lm is less transparent but more conductive. Changing the CO2

ratio in the gas mixture is the most direct way to alter the CO inside nc-SiOx:H

�lms. Shown in Figure 4.10(e) is the conductivity � and optical band gap E04 of

nc-SiOx:H(n) with di�erent O concentrations, which is represented by the CO2 ratio

in the gas mixture. The CO2 ratio in the gas mixture is de�ned as:

rCO2 =
[CO2]

[CO2] + [SiH4]
� 100% (4.7)

The a-Si:H �lm has the relatively high � but its E04 is also very low, which results

in large parasitic absorption when the a-Si:H �lm is used in the front of the cell.

Microcrystalline silicon has slightly larger � and E04, but the optical loss in the

�lm is still high compared to nc-SiOx:H. The nc-SiOx:H �lms with di�erent CO

have very large E04 and this large E04 makes it suitable to be used in the front of a

cell. However, � of nc-SiOx:H �lms is not as high as a-Si:H and �c-Si:H, the more

O content it has, the less conductive it is. Thus, the contradictory in optical and

electrical properties poses a trade-o� when choosing which CO to use. Fortunately,

Cat-doping might be used to further dope the as-grown nc-SiOx:H �lms to make

them more conductive.
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Figure 4.10: Illustration of microstructure in (a): a-Si:H,(b): �c-Si:H, (c-d): nc-SiOx:H

with di�erent CO [106]; (e): conductivity � and optical bandgap E04 of a-Si:H, �c-Si:H

and nc-SiOx:H with di�erent CO

Cat-doping processes were done at Tf of 1000 �C, Tsub of 200 �C, pressure of 0.01

mbar on P-doped n-type a-Si:H, �c-Si:H and nc-SiOx:H �lms to investigate the ef-

fectiveness of Cat-doping. Here, nc-SiOx:H with di�erent CO were used. SIMS,

conductivity and eCV measurements have been carried out to monitor the P distri-

bution and electrical property change. First, P pro�les are shown in Figure 4.11.

For a-Si:H(n) in Figure 4.11(a), as discussed in Sec.4.4.2, the initial NP is already

very high and at Tf of 1000 �C, there isn't large amount of P atoms incorporated

into the �lm. For �c-Si:H(n) in Figure 4.11(b), the initial doping used here is not

very high, therefore the P atoms incorporated into the �lm shows signi�cant increase

from 3� 1020 to 6� 1020cm�3.

For nc-SiOx:H(n), here rCO2 was varied from 10% to 40% for �lms with di�erent

optical and electrical properties. The initial NP in nc-SiOx:H(n) �lms is around

5 � 1020cm�3, after Cat-doping NP increases slightly and with higher rCO2 , the

increase becomes smaller. The increase in NP also seems to cross though the whole

�lm, which di�ers from that in �c-Si:H(n). The reason for the unique behavior of

P distribution could be related to the microstructure of nc-SiOx:H �lms. Inside the

nc-SiOx:H �lms shown in Figure 4.10(c-d), there are three phases, i.e. a-Si:H, c-Si

and a-SiOx:H. In the microstructure of nc-SiOx:H(n) �lm, the microscopically more

porous Si-O structure of a-SiOx:H phase may allow the P atoms to penetrate deeper

than in �c-Si:H(n) �lm [73]. However, the additional P atoms inside the a-SiOx:H
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Figure 4.11: P pro�les from SIMS measurement in (a): a-Si:H(n), (b): �c-Si:H(n), (c-f):

nc-SiOx:H(n) with di�erent CO from di�erent rCO2. A reference sample without Cat-doping

is included for each �lm and the color stripes indicate the thickness of the layer. All the

samples were prepared on 5 nm a-Si:H(i)/c-Si substrate and 15 nm a-Si:H(i) �lms were

subsequently deposited after Cat-doping process as capping layer

phase doesn't seem to provide more charge carriers. To check the activation of P

atoms as charge carriers, eCV measurements were done on these sample and the

results are shown in Figure 4.12.

For Nc of a-Si:H(n) in Figure 4.12(a), there is no di�erence between the samples

with and without Cat-doping which agrees with the P pro�le from Figure 4.11(a),

where NP doesn't increase. As for Nc of �c-Si:H(n) in Figure 4.12(b), there is clearly

increase amount of charge carriers. For nc-SiOx:H(n), �rst the initial Nc decreases

as the CO increases, this is likely due to the increase of a-SiOx:H phase inside the

�lm and the P atoms inside the a-SiOx:H phase don't contribute to Nc. Then,

after Cat-doping Nc all increase for all nc-SiOx:H �lms but to di�erent extends: the

higher CO the �lm has, the less increase in Nc. The increase in Nc then changes the
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Figure 4.12: Charge carrier density Nc in (a): a-Si:H(n), (b): �c-Si:H(n), (c-f):

nc-SiOx:H(n) with di�erent CO from di�erent rCO2. A reference sample without Cat-

doping is included for each �lm and the color stripes indicate the thickness of the layer.

electrical properties of nc-SiOx:H �lms, as shown in Figure 4.13. First, when the rCO2
increases from 0% to 40%, the � decreases from 19S=cm to 1:46� 10�11S=cm. The

possible reason for the decrease of � is that when increasing the rCO2 , the crystallinity

decreases and the portion of crystalline phase inside the �lm becomes smaller, which

reduces the mobility of carriers as well as the doping e�ciency [48,107]. The number

of charge carriers is also reduced by increasing the rCO2 from Figure 4.12.

However, from the P pro�les in Figure 4.11, it is di�cult to determine how many

P atoms are doped inside the �lms. Therefore, the average value was calculated for

P concentration (NP, ave) and charge carrier density (Nc, ave) throughout the doping

depth, then the activation ratio of P atoms in nc-SiOx:H(n) �lms is calculated from

Nc, ave/NP, ave and compared between with and without Cat-doping.
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Figure 4.13: Conductivity � of nc-SiOx:H(n) �lms with di�erent rCO2 measured before

and after Cat-doping. a-Si:H(n) and �c-Si:H(n) are include as comparison, the Raman

crystallinity �c is also included indicating that the crystalline phase reduces as increase of

rCO2

In Figure 4.14(a) is the NP, ave in di�erent �lms. They are all located in the range

of 1020 to 1021cm�3 and after Cat-doping. The NP, ave all increase but with di�er-

ent signi�cance. The �c-Si:H(n) �lm has the largest increase in NP, ave (�NP, ave) of

1020cm�3, the a-Si:H(n) has slightly lower�NP, ave of 4�1019cm�3. For nc-SiOx:H(n),

there is also increase in NP, ave and with rCO2 increasing from 10% to 40%, the

�NP, ave decreases from 5 � 1019cm�3 to 2 � 1019cm�3. The Nc, ave is shown in

Figure 4.14(b), and �Nc, ave is also calculated. First, for a-Si:H(n) the Nc, ave stays

unchanged indicating that there is no more P atoms activated as dopants. For

�c-Si:H(n), the Nc, ave increased by 3� 1019cm�3. When adding O inside the �lms,

�Nc, ave drops 4 orders of magnitude from 1�1020cm�3 at rCO2=10% to 5�1016cm�3

at rCO2=40%. The change in Nc, ave then likely accounts for the change in � shown in

Figure 4.13. Now, the NP, ave and Nc, ave of di�erent �lms are obtained, the average

activation ratio of P atoms (ra, ave) into dopants providing free charge carriers can

be calculated. The results are shown in Figure 4.14(c) and the di�erence(�ra, ave) in

Figure 4.14(d). The ra, ave for �c-Si:H and nc-SiOx:H with Cat-doping all increase

compared to the ones without Cat-doping and with rise of rCO2 from 0% to 40%,

the increase in ra, ave (�ra, ave) becomes several orders smaller, changing from 10%

to 10�2%.
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Figure 4.14: The average value of P concentration and charge carrier density inside

a-Si:H(n), �c-Si:H(n) and nc-SiOx:H(n) �lms with and without Cat-doping process: (a):

the average P concentration (NP, ave) and increase of NP, ave (�NP, ave) inside di�erent

�lms derived from SIMS; (b): the average charge carrier density (Nc, ave) and increase of

Nc, ave (�Nc, ave) inside di�erent �lms derived from eCV data; (c): the activation ratio

of P atoms inside the �lms derived from Nc, ave/NP, ave and (d): the change of activation

ratio with and without Cat-doping

To explain the di�erence in e�ectiveness of Cat-doping and the activation of P

atoms inside �lms with di�erent CO, the microstructures of these �lms might be

considered. Already shown in Figure 4.10(a-d), if consider that nc-SiOx:H has three

phases inside, i.e. a-Si:H, c-Si and a-SiOx:H, with the rise of CO, the portion of

a-SiOx:H phase becomes larger while the portion of c-Si shrinks. When Cat-doping

is applied onto nc-SiOx:H(n) �lms, the �NP, ave also decrease with the rise of rCO2
and portion of a-SiOx:H, this indicates that the P atoms from Cat-doping process

prefer to in-di�use through the c-Si phase than the a-SiOx:H phase. As mentioned

before, the ra, ave is higher for �lms with Cat-doping, which implies that the P atoms

incorporated by Cat-doping have higher activation ratio. With drop of c-Si portion,

the �ra, ave also gets smaller, this again implies that the P atoms inside the c-Si

phase are more activated as dopants than that in a-SiOx:H phase.
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4.5 Nanocrystalline Silicon Oxide

Atom probe tomography (APT) was used to investigate the location of the P

atoms incorporated by Cat-doping. Two samples with and without Cat-doping were

measured and the P information in terms of location and concentration is given in

Figure 4.15. In Figure 4.15(a) is the elemental map of the 25 � 25 � 10nm sample

with Cat-doping where the di�erent phases are shown and the c-Si phase is clearly

separated from the a-SiOx:H phase. There is smaller amount of O inside the c-Si

part since this is the summary of 10 nm thick �lms, where the c-Si and a-SiOx:H

overlap each other. In Figure 4.15(b) is the P atom map inside the �lm and the

Si-rich area is also shown. Comparing the c-Si phase and the a-SiOx:H phase, there

are slightly more P atoms gathering in the c-Si phase (shown in Figure 4.15 (c)).

without Cat-doping with Cat-doping

Figure 4.15: APT analysis of the nc-SiOx:H(n) �lms: (a): elemental map of a 25� 25�

10nm subvolume of the sample with Cat-doping visualizing the formation of Si-rich �bers

in the �lm (growth direction is perpendicular to the image plane). (b): P map overlaid on

the two-dimensional Si concentration plot for the same subvolume. (c): P concentration in

the entire �lm and separately in the Si-rich and O-rich regions of the �lm.
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4 Catalytic-doping on Silicon Alloys

4.6 Microcrystalline Silicon Carbide

Microcrystalline silicon carbide (�c-SiC:H) with wide band gap and high electri-

cal conductivity is very suitable to be used as window layer in SHJ solar cells. The

�c-SiC:H used in this work was �rst developed by Pomaska et al. [108] and is called

unintentional n-type doped �c-SiC:H since the dopants come from the residual ni-

trogen (N) in the chamber. HWCVD was used to prepare the �c-SiC:H(n) �lms and

the �lms' conductivity increases with the increasing Tf [109], but the passivation

quality with �c-SiC:H �lms will deteriorate if Tf is above 1800 �C [14]. To overcome

the trade-o� between the conductivity and passivation quality, e�ect of Cat-doping

on �c-SiC:H(n) �lms is investigated. Here, both �c-Si:H and nc-SiOx:H �lms are

taken for comparison. Firstly, illustration of possible microstructure of three silicon

alloys are shown in Figure 4.16 [69]. Compared to the other two materials, the

�c-SiC:H has a much denser microstructure and only between the grains boundaries

exists some a-SiC:H(n). This di�erence might has in�uence on the e�ectiveness of

Cat-doping on �c-SiC:H(n) �lms.

a-Si:H

c-Si

(a) a-Si:H

a-SiO
:Hx

c-Si

(b) (c)

µc-Si:H(n) nc-SiO :H(n)x µc-SiC:H(n)

µc-SiC:H

Figure 4.16: Illustration of possible microstructures of three silicon alloys [73]: (a):

�c-Si:H(n), both a-Si:H phase and c-Si phase exist inside the �lm; (b): nc-SiOx:H(n),

three phases exist inside the �lm, i.e. a-Si:H, a-SiOx:H and c-Si; (c): �c-SiC:H where

there is mostly crystalline silicon carbide grains and small portion of amorphous silicon

carbide at the grain boundaries

P pro�les by SIMS were shown in Figure 4.17 and they reveal the di�erence

of P distribution inside the �lms. A reference sample without Cat-doping for

each silicon alloy is also included. For �c-Si:H(n) with Cat-doping, as shown in

Figure 4.17(a), there is an increase in NP from 3 � 1020cm�3 to 6 � 1020cm�3 at

the interface of a-Si:H(i) capping layer and the �c-Si:H(n) layer. The penetration
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4.6 Microcrystalline Silicon Carbide

depth of P atoms from Cat-doping is 5 nm from the interface into the �c-Si:H(n)

layer. For nc-SiOx:H(n) in Figure 4.17(b), there is also an increase in NP from

2 � 1020cm�3 to 3:5 � 1020cm�3 throughout the 20 nm nc-SiOx:H(n) �lm. For

�c-SiC:H(n) in Figure 4.17(c), there is barely any increase of NP in the �lm and

the P atoms seem to attach only to the surface of �c-SiC:H(n) �lm with a concen-

tration of 6�1019cm�3. It should be noted that the �c-SiC:H(n) thin �lm is initially

nitrogen doped, so no P atoms exist in the reference sample. The black curve in

Figure 4.17(c) indicates the detect limit of SIMS.
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Figure 4.17: P pro�les of three silicon alloys together with sketches of the samples struc-

tures: (a) �c-Si:H(n), (b) nc-SiOx:H(n) and (c) �c-SiC:H(n); the thicknesses are 10nm,

20 nm and 20 nm for each silicon alloy �lms ,respectively. Here the nc-SiOx:H(n) used

was deposited with di�erent parameters compared to the ones in Sec.4.5, so there is a large

di�erence in the initial NP. The dash lines in each pro�les is a repeat measurement of the

sample to con�rm the existence of change in NP. The color stripes represent the silicon

alloy layers in the P pro�les. The �c-Si:H(n) and nc-SiOx:H has 5 nm a-Si:H(i) layer

beneath but for �c-SiC:H is a 1.5 nm SiO2 layer

The average NP (NP, ave)inside silicon alloy �lms by Cat-doping was derived from

P pro�les, as shown in Figure 4.18(a). For �c-SiC:H, the �lm is initially N doped,

so there is zero P atoms inside the �lm. NP, ave in the silicon alloy �lms all increased
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4 Catalytic-doping on Silicon Alloys

after Cat-doping, but with di�erent numbers. The increase of NP, ave for �c-Si:H(n)

and nc-SiOx:H(n) after Cat-doping is 1�1020cm�3 and 2:7�1020cm�3, respectively
and these two materials have a similar increase of P atoms in the order of 1020cm�3.

For �c-SiC:H(n), the increase is 2 orders of magnitude less, only 1:6� 1018cm�3. As

mentioned before, the e�ect of Cat-doping likely relates to the microstructure of the

materials. Therefore, for the very dense �c-SiC:H(n) �lm, only small portion of a-

SiC:H exists inside the �lm and this may make it hard for the P atoms to penetrate

into the �lm. From SIMS results in Figure 4.17(c), it can also be seen that the P

atoms are mostly attached only at the surface with low NP.
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Figure 4.18: (a): the average P concentration inside three silicon alloy �lms and the

increase of NP, ave derived from P pro�les and (b): the conductivity change for three silicon

alloys �lms before and after Cat-doping process.The conductivity was measured on the same

samples before and after Cat-doping and multiple pieces have been measured to con�rm the

increase in conductivity. Cat-doping at higher Tf on �c-SiC:H(n) was also carried out by

Felix Komoll, the P pro�les and charger carrier density pro�les were also obtained in (c).

As P atoms are known dopants for all three types of silicon alloys [10,110�112], the

electrical conductivity is likely to be increased due to the increase of NP. Thus, the

electrical conductivity of these �lms was measured before and after the Cat-doping

process and the results are shown in Figure 4.18(b). The results show that the

average conductivity for all sample pieces with di�erent silicon alloy �lms increased

after Cat-doping due to incorporation of P atoms, but to a di�erent extend. The

�c-Si:H(n) �lm samples have the largest increase in average conductivity in absolute

numbers of 101Scm�1. For the nc-SiOx:H(n) samples, the � increased almost by two

orders of magnitude, from 10�9 to 10�7Scm�1. And for �c-SiC:H(n), the � only

increases slightly by 1� 10�7Scm�1. The reason for the increase in � could be the
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4.7 Comparing Cat-doping on di�erent silicon alloys

decrease of defects and the increase of mobility and dopants activation ratio of silicon

alloys when the samples are annealed by the substrate heating and hot �laments

during the Cat-doping treatment [102, 103]. Another reason may be attributed to

the increase in phosphorous donors. However, for �c-Si:H(n) and nc-SiOx:H(n),

the amounts of P atoms incorporated into the �lms are within the same order of

1021cm�2, the absolute increase in � is much lower for nc-SiOx:H(n) indicating a

much lower doping e�ciency of incorporated P atoms. Here, the activation ratio

di�erence between �c-Si:H(n) and nc-SiOx:H(n) �lms has already been discussed

in Sec.4.5. The crystalline volume fraction of �c-Si:H(n) and nc-SiOx:H(n) was

derived from Raman spectrum to be � 60% and � 9%, respectively. The lower

doping e�ciency could partially be attributed to a lower crystalline volume fraction

as lower doping e�ciency has been reported for materials with lower crystalline

volume fraction [48,107]. However, the determination of the ratio between active and

inactive Cat-doped P atoms for �c-Si:H(n) and nc-SiOx:H(n) is clear from Sec.4.5

that the P atoms from Cat-doping are more activated. But for �c-SiC:H(n) it is

still unclear and under investigation. Nevertheless, for �c-SiC:H(n), the e�ect of

the P atoms at the �lm surface still remains unclear, as the doping is very small

and super�cial, also because the average increase in � of 1 � 10�7Scm�1 is within

the error range of the measurement. Higher Tf during the Cat-doping process on

�c-SiC:H(n) �lm was also used by Felix Komoll. However, the penetration of P

atoms is also very shallow, as shown in Figure 4.18(c). The Nc also doesn't vary

much. To increase the conductivity signi�cantly in future the Cat-doping process

needs to be adjusted in order to implement more P atoms into�c-SiC:H(n) �lms as

well as increasing the di�usion depth.

4.7 Comparing Cat-doping on di�erent silicon

alloys

The mechanism of Cat-doping to incorporate dopants into silicon thin �lms is not

clear yet. Matsumura et. al. [87] proposed several speculations upon how dopants

penetrate into c-Si: �rstly, from �rst-principle calculation the P atoms could di�use

into c-Si much easier with the help of H, which is a condition that Cat-doping
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4 Catalytic-doping on Silicon Alloys

provides; secondly, the P atoms might di�use in form of vacancy-P atom pair in

which the vacancy is created by atomic H; thirdly, the c-Si surface layer might be

modi�ed by the stress from H attack, thus the facial 5 nm has a di�erent structure

as normal c-Si and leads to the shallow doping by Cat-doping. However, despite

many experimental results seem to support these speculations, no direct and solid

experiments have been reported to support these models. In this work, we extends

the materials from c-Si and a-Si:H to other silicon alloys (i.e. �c-Si:H, nc-SiOx:H

and �c-SiC:H). Doping pro�les show that the Cat-doping process is more complicate

than aforementioned models and possibly related to the microstructures of di�erent

silicon alloy thin �lms. Furthermore, the properties of di�erent �lms is also changed

accordingly to the �lm compositions upon Cat-doping.

As for a-Si:H �lms, if compared to c-Si wafers, it has much looser microstructure

due to existence of voids and defects. One of speculations above is that P atoms

penetrate through defects(such as vacancy and dangling bonds). In a-Si:H �lms,

there are much larger number of these defects throughout the �lm that can help P

atoms to penetrate into the �lms. The larger NP and deeper penetration depth of P

(see in Sec. 4.4) are in agreement of this assumption. Meanwhile, if assume that P

atom penetrates into the �lm via hopping from one dangling bond to a deeper one

with the help of H to break the bonds [12], the surface has more chance in contact

with H atoms making the P pro�le gradually decreases as the doping depth increases.

Furthermore, both P and H atoms could be captured by the dangling bonds inside

the �lm making the number of P and H atoms from Cat-doping decreases in deeper

position inside the �lm, this explains the limited penetrate depth of P pro�les. At

last, the number of dangling bonds inside the �lm is limited, therefore the peak

of P pro�les at the sample surface is likely limited to a certain extend, which is

dependent on the �lm property. When most dangling bonds are bonded to P or

H atoms, the saturation of P from Cat-doping occurs. Upon the saturation of NP,

even with largely increasing of treatment time the P pro�le will not increase any

further. This is also in agreement with reported result from Ref. [12].

The behavior of Cat-doping becomes more interesting when it comes to nc-SiOx:H

and �c-SiC:H since their microstructures and compositions are very di�erent from
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both c-Si and a-Si:H. The P atoms are incorporated into nc-SiOx:H �lms throughout

the whole thickness, while P atoms only attaches to the surface of �c-SiC:H �lms

with much lower NP. There are several possible reasons. Firstly, the solubility

of H2 is much higher in nc-SiOx:H than that in �c-SiC:H �lms. While H might

help the incorporation of P, higher solubility of H2 could contribute to the higher

incorporation of P. Meanwhile, nc-SiOx:H has a porous cage structure that is more

�exible than that of �c-SiC:H, which has a much denser microstructure consisting of

mostly crystalline silicon carbide grains surrounded by amorphous grain boundaries.

Furthermore, the bonding energy of Si-C (Ebond=3.3 eV) is also higher compared to

Si-Si (Ebond=2.3 eV), the need to break existing bonds in �c-SiC:H might make it

much more di�cult to incorporate P into �c-SiC:H than that in a-Si:H and c-Si.

Di�erent from breaking existing bonds in �c-SiC:H, c-Si and a-Si:H, P atoms may

penetrate into nc-SiOx:H through interstitial di�usion via the porous cage structure

in nc-SiOx:H �lms [113,114]. This porous cage structure might o�er a channel for P

atoms to penetrate throughout the whole �lm without obvious decrease in NP. All

in all, the di�erence in microstructure and composition is likely to enable Cat-doping

incorporate more P atom and penetrate deeper in nc-SiOx:H �lms than in �c-SiC:H

�lms.

4.8 Optical Properties of Silicon Alloys

From sections above, it has been proven that P atoms are incorporated into dif-

ferent silicon alloy �lms by Cat-doping, thus improve the electrical conductivity of

these �lms. However, it is also well known that extra free charge carriers inside

the �lms could cause extra parasitic absorption in the �lms, which is called free

carrier absorption (FCA) [115�117]. The free carrier absorption is even a more im-

portant issue when the Cat-doped layers are intended to be used as window layers.

Therefore, in this section the optical properties (absorption coe�cient �)of silicon

alloy �lms was investigated by photothermal de�ection spectroscopy (PDS) while

Cat-doping was applied. The absorption change due to free carriers is determined

by [115]:

�� =
e3�2

4�2c3�0n
[
�Ne

m�2
ce�e

+
�Nh

m�2
ch�h

] (4.8)
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4.8 Optical Properties of Silicon Alloys

to Cat-doping inside the a-Si:H(n) �lm could be ignored. When Cat-doping was

applied on �c-Si:H(n) and nc-SiOx:H(n) with rCO2 from 10% to 50%, it seems that

there is increase in � at the low energy range, but the increase is quite minor. When

the initial value of � is low, more noise can be seen making it hard to distinguish the

possible change in �. Nevertheless, the increase in � is quite slight and the e�ect of

increased light absorption still needs to be tested in a device.
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5 Improving Passivation Quality

by Catalytic-doping

In chapter 4, the impact of Cat-doping on material properties are discussed. In

this chapter, we are going to further look into the in�uence of Cat-doping on the

passivation before the implementation in SHJ solar cells. Therefore, passivation

stacks with di�erent silicon alloys were prepared and Cat-doping was applied onto

di�erent interfaces in the passivation stack. The passivation quality of these stacks

were characterized as e�ective minority carrier lifetime (�e�) and implied open-circuit

voltage (iVoc) measured by Photoconductance lifetime tester (Sinton WCT-120).

Firstly, di�erent gases were used during Cat-doping to distinguish di�erent e�ects.

Then silicon alloy materials were used in the passivation stacks to compare the

e�ectiveness of Cat-doping. At last, the Cat-doping parameters were varied for an

optimal Cat-doping conditions.

5.1 Three e�ects during Cat-doping

At �rst, three e�ects may co-exist during the Cat-doping process: (i) thermal an-

nealing e�ect, (ii) hydrogenation, and (iii) phosphorous doping [90]. Three di�erent

gases, i.e. Ar, H2 and PH3, were used during the Cat-doping process to distinguish

the signi�cance of three above-mentioned e�ects. Symmetric passivated samples

with the a structure of 10 nm �c-Si:H(n)/5 nm a-Si:H(i)/c-Si(n)/5 nm a-Si:H(i)/10

nm �c-Si:H(n), referred as S1 in Figure 5.2, were used. The increase (��e�) in �e� is

shown in Figure 5.1. The �e� increases by 0.4 ms and 0.9 ms respectively when Ar

and H2 were used. The largest �e� increase of 1.2 ms was achieved when PH3 was

used.
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5.2 Cat-doping on doped silicon alloy �lms

5.2 Cat-doping on doped silicon alloy �lms

Silicon alloys, i.e. �c-Si:H(n), nc-SiOx:H(n) and �c-SiC:H(n), are good candidates

for the use in SHJ solar cells for their superior electrical and optical properties.

Cat-doping on these silicon alloy �lms has shown that additional P atoms can be

incorporated into the �lms after �lm deposition by Cat-doping, thus improve the

electrical conductivity while not deteriorating the optical advantage. However, the

in�uence on passivation quality when Cat-doping is applied onto these �lms needs

more investigation.

5.2.1 Comparing three silicon alloys

Symmetric passivated samples with di�erent n-type silicon alloy �lms (�c-Si:H(n),

nc-SiOx:H(n) and �c-SiC:H(n))were prepared and Cat-doping processes were ap-

plied onto the silicon alloy �lms, as shown in Figure 5.2 on the left side. They

have structures of 10 nm �c-Si:H(n)/5 nm a-Si:H(i)/c-Si(n)/5 nm a-Si:H(i)/10 nm

�c-Si:H(n) and 20 nm nc-SiOx:H(n)/8 nm a-Si:H(i)/c-Si(n)/8 nm a-Si:H(i)/20 nm

nc-SiOx:H(n), hereafter referred to S1 and S2, respectively. Here, nc-SiOx:H(n)

with rCO2=30% was used in S2. For �c-SiC:H(n), after HF dipped, the wafers were

dipped into HNO3 at 23 �C for 10 min for the formation of a thin SiO2 layer with a

thickness of �1.5 nm. The thin SiO2 layer was used to passivate the c-Si surface [83].

The passivated samples for �c-SiC:H(n) has a structure of 23 nm �c-SiC:H(n)/ 1.5

nm SiO2/ c-Si(n)/ 1.5 nm SiO2/ 23 nm �c-SiC:H(n), hereafter referred to S3.The

�e� before and after Cat-doping was obtained on the same samples, shown in Figure

5.2 on the right side. Here the P Cat-doping process was carried out on both sides

of the samples on the surfaces of the silicon alloys. The �e� of S1 increases from 3.4

ms to 4.6 ms after P Cat-doping. The �e� of S2 and S3 before Cat-doping are 1.1 ms

and 2.1 ms, respectively. After Cat-doping the �e� of S2 and S3 remain unchanged.

As discussed in Sec.5.1, three e�ects co-exist during a Cat-doping process and

together might impact the passivation quality. The conductivity and P pro�le of

three silicon alloy �lms discussed in Sec.4.6 show that di�erent amount of P atoms

are incorporated into the �lm and P atoms are activated di�erently. For �c-Si:H(n),
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5 Improving Passivation Quality by Catalytic-doping

it has large increase in NP which is re�ected in the increase in �. The improvement

in NP could change the doping level (Nc) of the �c-Si:H(n) layers, thus the Fermi

energy level (EF) is moved closer to the conduction band (EC). This change in

the band diagram reduces the barrier height for electron and enhances the surface

�eld e�ect [16], therefore improves the �e�. For S2 with nc-SiOx:H(n) and S3 with

�c-SiC:H(n) �lms, the increase in NP and Nc in silicon alloy �lms is very small due

to their material properties. The negligible change in the doping level makes the

P doping e�ect from Cat-doping insigni�cant for S2 and S3. Meanwhile, the other

two e�ect, thermal annealing and hydrogenation, don't seem to play a big role for

S2 and S3 either. Other factors, such as passivation from the a-Si:H(i) layer and

SiO2, might be the limitation for �e�.

n-type c-Si

a-Si:H(i)

a-Si:H(i)

µc-Si:H(n)

µc-Si:H(n)

Cat-doping

Cat-doping

n-type c-Si

SiO2

SiO2

µc-SiC:H(n)

µc-SiC:H(n)

Cat-doping

Cat-doping

n-type c-Si

a-Si:H(i)

a-Si:H(i)

nc-SiOx:H(n)

nc-SiOx:H(n)

Cat-doping

Cat-doping

S1 S2 S3

Figure 5.2: Sketches of passivated samples with di�erent silicon alloy �lms on the left

side together with �e� of these stacks before and after Cat-doping. For convenience, the

samples with �c-Si:H(n) layers are referred as S1, the samples with nc-SiOx:H(n) layers

are referred as S2 and the samples with �c-SiC:H(n) are referred as S3. Di�erent from S1

and S2 where a-Si:H(i) �lms are used as passivation layer, in S3 the wet-chemical SiO2

layers are used as passivation layer [83]. �e� has an error of 10% but it is smaller than the

symbols in the graph.

5.2.2 Cat-doping on n-type microcrystalline silicon

In Sec.4.3.2, Cat-doping was applied on �c-Si:H(n) to improve the conductivity of

the �lms. However, the in�uence of Cat-doping on the passivation quality of stacks

with �c-Si:H(n) is not clear yet. Here, symmetric passivated stacks with �c-Si:H(n)
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5.2 Cat-doping on doped silicon alloy �lms

layers were fabricated (same as S1 in Figure.5.2). Cat-doping processes were done

onto both sides, followed by e�ective lifetime measurement. First, �c-Si:H(n) lay-

ers were prepared with di�erent plasma powers to check Cat-doping on di�erent

�c-Si:H(n) �lms. The results are shown in Figure 5.3(a). It is observed that �e� de-

creases from 1.2 ms to 1.0 ms as the plasma power of the �c-Si:H(n) increases from

10W to 50W even though all the �c-Si:H(n) have very similar material properties.

This decrease in �e� with increasing plasma power could be thus sorely associated to

the enhanced ion bombardment during the deposition of �c-Si:H(n), which seems to

deteriorate the quality of the a-Si:H(i) passivation layers underneath of it, leading

to lower �e�. After P Cat-doping on the �c-Si:H(n) of both sides, it is found that �e�

increases for all samples. It is noteworthy that the �e� improvement is also signif-

icant even for the �c-Si:H(n) fabricated with a plasma power of 50 W. Given that

the �Cat of �c-Si:H(n) increases after P Cat-doping (see Figure 4.5(b)), the increase

in �e� for all samples after P Cat-doping seems largely correlated to the enhanced

�eld-e�ect passivation [118]. On the other hand, the lifetime improvement could also

be due to hydrogen passivation. Matsumura et al. found that the H treatment on

Si wafers in HWCVD improved the lifetime of a-Si:H(i) passivated c-Si wafers [89].

They argued that the improvement could be probably due to the moderate etching

of the defective parts of c-Si surfaces and/or the e�ective termination of dangling

bonds on the c-Si surfaces. Therefore, it is reasonable to think that the released H

atoms from PH3 by the catalytic decomposition process in part passivate defects of

the �c-Si:H(n), leading to the lifetime improvement.

Figure 5.3(b) shows the �e� of the symmetric passivated samples before and after

P Cat-doping at di�erent Tf. In this case, �c-Si:H(n) �lm was fabricated with a

plasma power of 10 W. The initial �e� without any post processes was around 0.6

ms. In Figure 5.3(b), it can be clearly seen that the �e� of all samples increases

after P Cat-doping. As Tf increases from 800 to 1200 �C, the rate of increase of

�e� tends to go up continuously and begin to decrease as Tf increase from 1000 to

1200 �C. Consequently, the highest �e� of 1.2 ms was achieved at a Tf of 1000 �C.

There are three possible reasons for this tendency. Firstly, at higher Tf, PH3 is more

decomposed into P and H radicals and subsequently they are incorporated to the

surface of samples. Each of these P and H radicals leads to �eld e�ect passivation
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Figure 5.3: E�ective lifetime �e� of symmetric passivated stacks with �c-Si:H(n) layers

(a): �c-Si:H(n) layers were deposited at di�erent plasma power from 10 to 50 W, Cat-

doping was performed on both sides and �e� was measured before and after; (b): passivated

stacks with �c-Si:H(n) prepared at plasma power of 10 W, Cat-doping was done at di�erent

Tf from 800 �C to 1200 �C on both sides of the stacks, the samples were also annealed after

Cat-doping at 220 �C for 2 hours; one reference sample was included which was annealed

without Cat-doping, the blue dash line represents the �e� of the reference sample after

annealing. The solid lines act as guide lines for the eyes

and dangling bond passivation, respectively, leading to the lifetime improvement.

However, the kinetic energy and �ux of H radicals increase as well with increasing

Tf, which can promote the H etching substantially [12]. Thus, at higher Tf, the

enhanced H etching could counteract the passivation, leading the �e� improvement

to be compromised. Secondly, the decomposition e�ciency of PH3 might not linearly

increase in this condition as Tf increases. When Tf is very high, the numbers of P and

H radicals might not be proportional to Tf due to saturated decompose e�ciency.

Thirdly, the surface temperature of the samples could increase with increasing Tf,

probably leading to hydrogen e�usion.

After �e� measurements, the samples were annealed at 220 �C in air for 2 hours.

When Tf of 1000 �C was applied, the �e� increases from 0.6 ms to 1.2 ms after P

Cat-doping and from 1.2 to 2 ms after annealing, as shown in Figure 5.3(b). The �e�

of the sample without P Cat-doping increases from 0.6 ms to 1.1 ms after annealing,

with an increase of 0.5 ms in �e�. As two samples went through the same annealing

process, the increase in �e� for both sample is supposed to same. However, for the

sample with Cat-doping, �e� �rst increased 0.6 ms from Cat-doping and then again
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5.2 Cat-doping on doped silicon alloy �lms

0.8 ms from annealing, which is larger than the sample without Cat-doping. This

could be that the sample with Cat-doping has more H inside the sample to passivate

dangling bonds and P atoms are further activated during the annealing process,

leading to enhanced �eld passivation e�ect. Nevertheless, it seems obvious that the

�e� improvement for the sample with P Cat-doping at a Tf of 1000 �C is originated

from both the improvement of a-Si:H(i) passivation layer quality and incorporation of

P into the �lm during Cat-doping process. The improvement of a-Si:H(i) passivation

quality could originate from annealing and hydrogenation e�ects, which moves the

H inside the �lms and add more H atoms to passivate the surface, respectively. This

result also agrees well with the three e�ects discussed in Sec.5.1.

5.2.3 Cat-doping on n-type microcrystalline silicon oxide

Cat-doping was also applied on nc-SiOx:H(n) �lms in Sec.4.5 where di�erent rCO2
was used and the � of these �lms increases slightly after Cat-doping. In this section,

symmetric passivated samples with a structure as shown in Figure 5.4(a) were pre-

pared. The �e� results before and after Cat-doping are shown in Figure 5.4(b). The

�e� for all the samples increased after Cat-doping, but with di�erent signi�cance.

For samples with nc-SiOx:H(n) layer from di�erent rCO2 , �e� locates around 4 � 6

ms and only increases slightly after Cat-doping. Considering the 10% error of the

e�ect lifetime measurement, the tiny increase in �e� for samples with nc-SiOx:H(n)

can be ignored. For samples with a-Si:H(n) and �c-Si:H(n), the increase in �e� is

from 1.1 ms to 1.6 ms and 3.9 ms to 7.3 ms ,respectively, which is larger than that

for samples with nc-SiOx:H(n) layers.

As discussed in Sec.4.5, the conductivity change for nc-SiOx:H(n) �lms after Cat-

doping is very small, which is likely due to the low activation ratio of P atoms. There-

fore, among the three e�ects from Cat-doping: thermal annealing, hydrogenation

and P doping, the P doping doesn't seem to play a big role to impact the passiva-

tion quality. From ��e�, the other two e�ects don't in�uence the passivation quality

largely either. The limitation of the passivated samples with nc-SiOx:H(n) might lay

in the a-Si:H(i) layer passivation or the deposition conditions of the nc-SiOx:H(n)

layers, which could cause damage to the a-Si:H(i) layer underneath. For passivated
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Figure 5.4: Sketch of the passivated samples in (b), double side textured wafers were

used as substrate and a-Si:H(i) layers were deposited on both sides before nc-SiOx:H(n)

and e�ective lifetime �e� of symmetric passivated stacks with nc-SiOx:H(n) layers in (a):

nc-SiOx:H(n) layers were deposited with di�erent rCO2, Cat-doping was performed on both

sides and �e� was measured before and after. The solid lines act as guide lines for the eyes

samples with a-Si:H(n) layers, there is slightly larger ��e�. The reason could be

mainly attributed to the annealing e�ect and hydrogenation e�ect. In Figure 4.11(a)

and 4.12(a), the increase in both NP and Nc is very small, thus leads to the insignif-

icant P doping e�ect . On the contrary, for passivated samples with �c-Si:H(n)

layers, the enormously increases in �e� from 3.9 ms to 7.3 ms could come from the

signi�cant P doping e�ect when there is an increase in NP and Nc of �c-Si:H(n)

�lms. However, as discussed in Sec.5.1, the accurate portion of each e�ect is hard

to distinguish.

Even though the improvement in �e� varies a lot, Cat-doping is con�rmed being

able to improve the passivation quality of stacks containing di�erent silicon alloy

�lms. Under current Cat-doping condition, passivated samples with �c-Si:H(n) �lm

has the largest improvement in electrical property and passivation ability than other

silicon alloy �lms. In the cases of other �lms, the limitation is various, such as low

activation ration of P atoms in a-Si:H(n) and nc-SiOx:H(n) �lms, small amount of P

atoms that can be incorporated into �c-SiC:H(n) �lms. Furthermore, the limitation

to further improve passivation quality may also come from fabrication of other layers

or interfaces. To improve the passivation quality even more for all these passivated

samples, all the layer and interface properties should be considered and the limitation
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5.2 Cat-doping on doped silicon alloy �lms

should also be identi�ed clearly.

5.2.4 Cat-doping through SiO2

The amount of P atoms that can be incorporated into �c-SiC:H(n) �lm is much

smaller than that for other silicon alloy �lms, therefore the surface �eld e�ect en-

hancement introduced by Cat-doping is negligible. This is con�rmed in Figure 5.2.

However, Cat-doping can still be used in �c-SiC:H(n) related device. Figure 5.5(a)

shows the structure of a passivated sample to test the passivation quality prior to the

application of �c-SiC:H(n) in SHJ solar cells. Here, instead of using Cat-doping on

the surface of �c-SiC:H(n) layers, Cat-doping was used onto the surface of SiO2 lay-

ers. It has been reported that the P atoms can be incorporated into silicon through

silicon oxide (SiOx) �lms if the thickness of SiOx is not too large(< 7 nm) [12].

Moreover, Cat-doping was shown to improve the passivation quality when used onto

surface of c-Si wafer [16, 89] by both H and P radicals from Cat-doping. The H

radicals are helpful to passivate the dangling bonds and the P radicals inside the

wafer surface lower the barrier height for electrons. The wet chemical prepared SiO2

has only a thickness of 1.5 nm, so the increase in NP near wafer surface could be

large. Meanwhile, the passivation quality could be more sensitive to the Cat-doping

conditions. Here, the Tf of Cat-doping was altered from 800 �C to 2000 �C. The �e�

of the passivated sample without Cat-doping is 3 ms. When Cat-doping was used,

the �e� of the samples is �rst improved to 4 ms with Tf below 1000 �C then declined

with Tf above 1000 �C. The improvement of �e� could be attributed to the three

e�ects during Cat-doping. However, when Tf is higher than 1000 �C, the e�ect of

Cat-doping on passivation turns to negative and the �e� intends to decrease below 1

ms with the rise of Tf up to 2000 �C. At higher Tf during Cat-doping, the substrate

was found to be etched by the H radicals [12]. Likewise in the case of Cat-doping

through the thin SiO2 layer, the SiO2 could be etched away when high Tf was used.

Consequently, the underneath c-Si surface could be damaged results in deteriorated

�e�. Therefore, no higher than Tf of 1000 �C during the Cat-doping should be used

to dope through thin SiO2.

79



5 Improving Passivation Quality by Catalytic-doping

800 1000 1200 1400 1600 1800 2000

103

2x103

3x103

4x103

ef
fe

ct
iv

e 
lif

et
im

e 
τ e

ff
[µ

s]

filament temperature Tf [°C]

without Cat-doping

c-Si(n)

µc-SiC:H(n)

SiO2
µc-SiC:H(n)

SiO2

C
at

-d
op

in
g

(a) (b)

Figure 5.5: E�ective lifetime �e� of symmetric passivated stacks with �c-SiC:H(n) layers

in (a): di�erent Tf during Cat-doping were used; a reference value is indicated as blue dash

line representing the sample without Cat-doping. (b): sketch of the passivated samples with

SiO2 layers. The 1.5 nm SiO2 layer on both sides were wet chemical prepared. Cat-doping

was performed on both sides prior to the deposition of �c-SiC:H(n) and �e� was measured

on the complete stacks

5.2.5 Cat-doping on intrinsic amorphous silicon

In former sections, Cat-doping was mainly used on n-type doped silicon alloy

�lms to further increase the electrical conductivity, enhance the surface �eld e�ect

and improve interface passivation. In this section, Cat-doping is tested on a-Si:H(i)

layers in a solar cell precursor to evaluate the impact on passivation quality of the

cell precursor. The structure of the samples are illustrated in Figure 5.6(d), where

in the front side only a-Si:H(i) with di�erent thicknesses were deposited. Since there

is only a thin layer of a-Si:H(i) between the c-Si surface and H radicals from Cat-

doping, the H radicals may deteriorate the passivation on c-Si surface and reduce the

�e�. Therefore, di�erent thicknesses of a-Si:H(i) was used to investigate the relation

between the a-Si:H(i) thickness and passivation quality when Cat-doping was used.

With di�erent thickness of a-Si:H(i) and Cat-doping applied on them, the �e� is

shown in Figure 5.6(a-c). First of all, the initial �e� of these samples �uctuates

slightly around 1 ms. After Cat-doping, the values stay almost unchanged for all

samples with three di�erent thicknesses. From the discussion in Sec.5.1, due to

the co-existence of thermal annealing, hydrogenation and P doping, the �e� of these

samples in principle should be improved. However, despite the use of higher Tf which
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Figure 5.6: Sketch of solar cell precursor with only a-Si:H(i) layer on the front and

a-Si:H(i)/a-Si:H(p) on the backside in (d); here di�erent thicknesses (5, 10, 15 nm) of

a-Si:H(i) were used; Cat-doping was done to the surface of a-Si:H(i) layer on the front

and �e� was measured both before and after Cat-doping. The �e� of cell precursors with

di�erent thicknesses of a-Si:H(i) is shown in (a-c). The black points are �e� for samples

before Cat-doping and the colored ones are after Cat-doping.

results in higherNP in the �lms and enhanced �eld e�ect, the �e� stays unchanged. It

has been proved that the H radicals from Cat-doping can etch the silicon substrate

[12], therefore when there is only thin a-Si:H(i) layers on top of c-Si surface, the

enhancement of passivation from Cat-doping could be compensated by the damage

from H radical etching. Meanwhile, �e� could also be limited by the deposition

condition that determines the property of a-Si:H(i) layer, which consequently limits

the ability of a-Si:H(i) layer to passivation the c-Si surface. Nevertheless, Cat-doping

doesn't deteriorate the passivation quality when applied on the a-Si:H(i) passivation

layer. Moreover, the increase in � still exists and can bene�t the electrical transport

in a cell. The e�ect in cells will be discussed in detail in Chapter 6.
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6 Catalytic-doping in Silicon

Heterojunction Solar Cells

Cat-doping has been studied on many materials [12, 13, 90] and interfaces in de-

vices [118�120]. However, the study and application in SHJ solar cells is very limited

and no high e�ciency has been achieved [16, 120]. In this chapter, the feasibility

and potential of implementing Cat-doping in SHJ solar cells with various silicon al-

loy �lms is discussed. At �rst, Cat-doping with the same parameter was applied

on cells with di�erent silicon alloy �lms for comparison. Then di�erent Cat-doping

conditions were tested in cells with di�erent silicon alloy �lms. At last, a di�er-

ent approach, where Cat-doping on a-Si:H(i) was used to replace the deposition of

a-Si:H(n) layers, thus reduce parasitic absorption, was investigated.

6.1 Silicon heterojunction solar cells

Silicon heterojunction (SHJ) solar cells have been widely researched both in lab-

oratory and industry levels for its high e�ciency, simple fabrication procedure and

low production cost [3, 7, 17, 18]. In SHJ solar cells, stack with intrinsic amorphous

silicon (a-Si:H(i)) and doped amorphous silicon (a-Si:H(n/p)) layers are used on both

sides to passivate the crystalline silicon wafer [5, 17, 121]. The excellent passivation

quality provides high open-circuit voltage (Voc) for the cell and very high e�ciency

solar cells have already been reported using or based on SHJ structure [4,105,121].

However, there are still several problems with SHJ solar cell to be solved on its

way to higher e�ciency. The �rst one is that a-Si:H(n/p) layers are used in the

front as surface �eld layer or emitter, which cause parasitic absorption especially

in the short wavelength range [4, 21]. Many new materials and structures have
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6 Catalytic-doping in Silicon Heterojunction Solar Cells

been explored to replace the a-Si:H(n/p) layers in the front, such as wide bandgap

materials [10, 11, 32, 84], transition metal oxide [6, 34, 35] and back-contacted struc-

ture [4,21]. The second problem is that to guarantee su�cient passivation, a certain

thickness of a-Si:H(i) is required. The a-Si:H(i) layer with poor conductivity, how-

ever, is a barrier for charge carrier collection and limit the �ll factor (FF) in SHJ

cells [17, 27].

Figure 6.1(a) shows the typical structure of a rear emitter SHJ solar cells. It con-

sists of a double-side a-Si:H(i) passivated c-Si wafer, doped a-Si:H layers as emitter

or surface �eld layer, ITO and Ag on both sides which are used to extract carriers.

Figure 6.1(b) shows the results of the SHJ cell including the J-V curve and also

the light response spectrum (EQE, IQE, R). It can be seen that the cell has low

e�ciency at that time due to low Jsc and low FF . This cell type acts as a baseline

for this work and it should be mentioned that the development of this cell type was

continuously done to improve the e�ciency. Therefore, the work discussed below

is always based on the up-to-date baselines in our laboratory at that time, which

means the improved baseline as reference can be seen. Nevertheless, the aim of

implementing Cat-doping in SHJ solar cells is always to improve the performance

based on the up-to-date cells.
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Figure 6.1: Typical structure of a SHJ solar cell in (a) consisting of a-Si:H(i) passivated

c-Si wafer, doped a-Si:H layers, ITO and Ag grids to extract carriers; (b) is the result of

the cells including the J-V curve as well as the light spectrum information

To solve the problems mentioned above, di�erent methods have been studied [4,6,

10,11,21,32,34,35,84]. In this work, we implemented two silicon alloys, i.e. �c-Si:H
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6.2 Cat-doping on di�erent n-type silicon alloys

and nc-SiOx:H, for better light absorption while applying Cat-doping to overcome

the intrinsic limitation of these materials. New concepts based on conventional

SHJ solar cells were also studied to explore the potential of Cat-doping in improving

the e�ciency of SHJ solar cells.

6.2 Cat-doping on di�erent n-type silicon alloys

SHJ solar cells were prepared with di�erent silicon alloys and Cat-doping were

also applied on the n-layer in the front to have a �rst insight of the impact from

Cat-doping. The results are shown in Figure 6.2. Here, the cell structure is the

same as illustrated in Figure 6.1(a), but a-Si:H(n), �c-Si:H(n) and nc-SiOx:H(n)

with di�erent rCO2 were used in the front as n layer. Firstly, comparing cells without

Cat-doping, it can be seen that the � is going down slightly from 18.9% to 18.4% as

the n layer changes from a-Si:H(n) to �c-Si:H(n); then the � goes up to 19.0% when

nc-SiOx:H(n) layers with di�erent rCO2 are used, but when further increase rCO2 the

� decreases to 17.7%. The Voc has the same change as in �, but the �uctuation is

relative. The Jsc increases signi�cantly from 36.2 to 37.2 mA=cm2 when nc-SiOx:H

�lms were used and with higher rCO2 the Jsc is higher. On the contrary, the FF

decreases as the rCO2 increases. It has already be mentioned in Sec. 4.5 that for

nc-SiOx:H �lms the transparency increases and conductivity decreases as the O

content increases. Therefore, when rCO2 increases the nc-SiOx:H(n) �lms become

more transparent and less conductive, resulting in higher Jsc and lower FF .

When Cat-doping was applied onto the n layers in the front, the � of all the

cells with di�erent n layers was improved. The improvement mainly comes from

the improved Voc and FF . The Voc increases is likely due to three e�ects that

happens during the Cat-doping process, i.e. thermal annealing, hydrogenation and

P doping, which is discussed in Sec. 5.1 The improved FF might also be attributed

to Cat-doping, after which the various n layer become more conductive and the Rs

in return is reduced. However, the Jsc drops slightly probably due to the increased

recombination loss in the n layers when the doping increases.
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Figure 6.2: Results of SHJ solar cells with di�erent silicon alloys. The red ones represent

cells without any special treatment and the blue ones are cells with Cat-doping applied onto

di�erent n-layers in the front. The large scatter may come from the evaporated Ag grid.

For a close look into the light absorption in cells with di�erent n layers, the IQE

of these cells are shown in Figure 6.3(a). It clearly shows that with increase of

the rCO2 , the light absorption in the short wavelength range is improved due to

the nc-SiOx:H becomes more transparent. In Figure 6.3(b) is the IQE of these

cells with and without Cat-doping in the short wavelength range, it can be seen

that the absorption is slightly reduced after Cat-doping. After Cat-doping, the n

layer becomes more conductive and has more free carriers, therefore the reduced

absorption could be attributed to the increased recombination loss in the front n

layer.

As proved above that Cat-doping could be used to improve the � of SHJ solar cells

with di�erent n layers, more detailed study of further optimization of Cat-doping

were carried out in the following. Firstly, di�erent Cat-doping conditions were

tested on the �c-Si:H(n) layers, then Cat-doping was optimized for application

on nc-SiOx:H(n) layer aiming at improving the trade-o� between conductivity and

transparency of nc-SiOx:H(n) �lms. At last, Cat-doping on a-Si:H(i) layers for the

use in SHJ solar cells was tested.
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6 Catalytic-doping in Silicon Heterojunction Solar Cells

Voc and largely improved FF . It has been mentioned in Sec.6.2 that increased NP

in the front n layer give rise to the recombination loss in the front due to free carrier

absorption. However, here is the not case since the Jsc increases from 35.3 mA=cm2

at Tf of 1000 �C to 36.2 mA=cm2 at Tf of 2200 �C, which is contradictory to the

conclusion before. Therefore, other reasons might exist that account for the slightly

increase in Jsc. It has been con�rmed that high Tf results in etching of the silicon

�lms [12], so the slight improved Jsc is likely to be attributed to the etching of the

�c-Si:H(n) �lms in the front when Cat-doping was carried out at high Tf. Similarly,

the Voc was also improved from 693 mV of the reference cell to 706 mV of the cell

with Cat-doping at Tf of 1000 �C; then continuously improved to 712 mV at Tf of

2200 �C. As mentioned before, the improved Voc is a result of three e�ects that

happen during the Cat-doping process. Meanwhile, advancement is also seen in

FF as it was enhanced from 72.3% from the reference cell to 75.7% from the cell

with Cat-doping at Tf of 2200 �C. The advancement in FF is the result of improved

conductivity of the �c-Si:H(n) layers in the cell. This is in very good agreement with

the NP and Nc study in Sec. 4.3 that �c-Si:H(n) �lms becomes more conductive

when applying Cat-doping, which decreases the Rs and gives better FF .
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Figure 6.4: Results of cells with Cat-doping at di�erent Tf on �c-Si:H(n) in

SHJ solar cells. A reference cell without Cat-doping was also included for comparison and

Cat-doping processes were performed with Tf varying from 1000 �C to 2200 �C, the Tsub is

200 �C and pressure is 0.01 mabr for all Cat-doped cells
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6.3 Cat-doping on �c-Si:H(n)

6.3.2 E�ect of substrate temperature

Beside Tf during Cat-doping process, another important parameter is Tsub as it also

in�uences the thermal condition inside the chamber and the doping e�ect of P [97].

Therefore, di�erent Tsub were used during the Cat-doping process to investigate

the e�ect of Tsub. Figure 6.5 shows the cell results. Comparing to the reference

cell without Cat-doping, the � from cells with Cat-doping �rst increases and then

gradually decreases. At Tsub of 150 to 200 �C, the � reaches the highest 18.8%, then

declines to 16.2% at Tsub of 250 �C. The reason for the unexpected bad performance

at Tsub of 300 is yet unclear, but probably due to the bad wafer quality in this

sample. The same trend exists for Voc as it also �rst increases and then decreases.

The reasons why the Voc is improved upon application of Cat-doping, from 693 mV

to 706 mV, could largely be attributed to the three e�ects during Cat-doping.
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Figure 6.5: Results of cells with Cat-doping at di�erent Tsub on �c-Si:H(n) in

SHJ solar cells. A reference cell without Cat-doping was also included for comparison and

Cat-doping processes were performed with Tsub varying from 100 �C to 350 �C, the Tf is

1000 �C and pressure is 0.01 mbar for all Cat-doped cells

However, when applying higher Tsub the Voc tends to decrease to 670 mV,

the possible explanation could be: (1) at higher Tsub, lower NP could be reached

(as shown in Sec. 4.3), resulting in less signi�cant �eld e�ect; (2) at higher Tsub

the H starts to e�use out of the �lm, deteriorating the passivation at the interface

and compensating the improvement from Cat-doping e�ects. For FF , it was �rst
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6 Catalytic-doping in Silicon Heterojunction Solar Cells

improved up to 73.9% possibly due to the P doping and then reduced to 73.2%, but

still higher than 72.3% from the reference cell. This again con�rms the e�ectiveness

of Cat-doping upon improving the electrical transport in the cell and the FF , which

also agree with the material study in Sec. 4.3. In the following work, the Tsub was

set to 200 �C if not mentioned otherwise.

6.3.3 E�ect of processing pressure

Apart from Tf and Tsub, processing pressure is another important issue that could

in�uence the e�ectiveness of Cat-doping since it directly changes the PH3 molecules

source inside the chamber. Thus, di�erent pressures were used to test the change

in cell performance. The results are illustrated in Figure 6.6 and the results again

con�rm that Cat-doping is valid to improve the � of the cells.
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Figure 6.6: Results of cells with Cat-doping at di�erent processing pressures on �c-Si:H(n)

in SHJ solar cells. A reference cell without Cat-doping was also included for comparison

and Cat-doping processes were performed with pressures varying from 0.01 mbar to 0.2

mbar, the Tf is 1000
�C and Tsub is 200

�C for all Cat-doped cells

As shown in Sec. 4.3, NP after Cat-doping with di�erent pressures shows a trend

of �rst increase then decrease when pressure is too high. Consequently, the cell

results also show the same trend. The � �rst increases from 17.7% to 19.4% when
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6.4 Cat-doping on nc-SiOx:H(n)

the Cat-doping was applied and the pressure was increased from 0.01 mbar to 0.1

mbar; the � then decreases to 18.8% as further increase the pressure to 0.2 mbar.

Both Voc and FF show similar trend as well. The Voc was improved from 693 mV of

the reference cell to 713 mV of the cell with Cat-doping at 0.1 mbar, then Voc was

reduced to 704 mV of the cell with Cat-doping at 0.2 mbar. The FF also performs

in the same way with variation from 72.3% to74.7% and then to 73.6%. All in all,

all the Voc and FF values from cells with Cat-doping are higher than that from

the reference cell, showing Cat-doping's ability to improve the performance of the

cells in di�erent aspects. The improvement might be attributed to the three e�ects

during Cat-doping, however, the similar tendency could be attributed to the change

of NP when di�erent conditions were used in Cat-doping.

6.4 Cat-doping on nc-SiOx:H(n)

It has been shown in Figure 6.2 that Cat-doping could be used to improve the per-

formance of cells with di�erent silicon alloy. As for nc-SiOx:H(n) �lm, the �lm prop-

erty varies as the rCO2 change during deposition and a clear trade-o� lays between

the optical and electrical properties. To overcome the trade-o� and obtain both

good optical and electrical property, Cat-doping on nc-SiOx:H(n) �lms was investi-

gated in Sec 4.5. In this section, Cat-doping was applied on to nc-SiOx:H(n) �lms

in SHJ solar cells to test the ability to advance the cell performance. nc-SiOx:H(n)

�lm with rCO2=30% was chosen for the study for a balanced optical and electrical

properties. If the rCO2 is too low, the �lm will be very conductive and Cat-doping

might only play a minor role. Meanwhile, for nc-SiOx:H(n) with too low rCO2 the

transparency will be sacri�ced and the point of using nc-SiOx:H in cells is gone. On

the other hand, the conductivity of nc-SiOx:H with too high rCO2 will be too low

even after Cat-doping, thus results in low FF . Therefore, rCO2=30% was chosen

here to be used in SHJ solar cells.

The cell results are shown in Figure 6.7. Di�erent from the improvement shown

before where Cat-doping was done on �c-Si:H(n) in the cells, here the Cat-doping

doesn't seem to have signi�cant in�uence on the cell performance although Tf was
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6 Catalytic-doping in Silicon Heterojunction Solar Cells

varied from 900 �C to 1800 �C. The Jsc seems to increase slightly as Tf increases,

which is possibly due to the slightly etching of the nc-SiOx:H(n) layers in the front of

the cells. However, the etching could also be the reason for the slightly decrease of Voc

as it might create more defects. Meanwhile, the most expected improvement in FF

is not shown in the cell results. In Sec. 4.5, it has been shown that the conductivity

of nc-SiOx:H �lms can be increased slightly by Cat-doping. However, the increase in

the conductivity doesn't shown in the improvement of FF . Here the most possible

reason could be that the increase in � is too small to cause improvement in FF .

Therefore, if Cat-doping is aimed to be used on nc-SiOx:H �lms in cells to improve

the performance, more study should be carried out and more intense Cat-doping

conditions might be explored.
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Figure 6.7: Results of cells with Cat-doping at di�erent processing pressures on

nc-SiOx:H(n) in SHJ solar cells. A reference cell without Cat-doping was also included

for comparison and Cat-doping processes were performed with Tf varying from 900 �C to

1800 �C, the Tsub is 200
�C and pressure is 0.01 mabr for all Cat-doped cells

6.5 Cat-doping on a-Si:H(i)

Until now, di�erent silicon alloys with unique optical and electrical properties

have been studied in SHJ solar cells with Cat-doping applied onto the n layers in

the front. Improvement to di�erent extends in cell performance has also shown the

e�ectiveness of Cat-doping upon advancing the cell performance. However, despite

the prior optical property of nc-SiOx:H and electrical property of �c-Si:H, the use of
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6.5 Cat-doping on a-Si:H(i)

these two materials still leads to additional parasitic absorption in the front. There-

fore, a new concept of eliminating the deposition of n layer in the front was proposed

here to avoid the parasitic absorption. The structure of conventional SHJ solar cells

is illustrated in Figure 6.1, where in the front is a-Si:H(i)na-Si:H(n)nITOnAg grids
stack. To eliminate the parasitic absorption from the n layer, Cat-doping was ap-

plied directly on the a-Si:H(i) layer to form a doped a-Si:H layer which could act

as a n layer. In this way, the thickness of the front n layer is reduced, which re-

duces the parasitic absorption in the front. Therefore, the front side is a stack of

a-Si:H(i) + Cat-dopingna-Si:H(n)nITOnAg grids. However, the passivation quality

of such stacks with Cat-doping applied directly on the thin a-Si:H(i) layer needs to

be tested before the use in device.

6.5.1 Passivation enhancement

The e�ect of Cat-doping on passivation quality has already been discussed in

Chap. 5 and the results there show that Cat-doping could e�ectively improve the

passivation quality of di�erent passivated samples. As for passivated samples with

a-Si:H(i) discussed in Sec. 5.2.5, at that time the passivation was not deteriorated by

Cat-doping and seemed to be limited by other aspects, such as cleaning condition,

wafer quality and a-Si:H(i) layer quality. With the development of SHJ solar cells

in the lab, better passivation and better cell performance were achieved. There-

fore, here Cat-doping on a-Si:H(i) in better passivated samples was studied again

to investigate the validation of Cat-doping on di�erent passivated samples. The

structure of the passivated samples and their �e� are shown in Figure 6.8 (a) and

(b), respectively.

For the �rst sample, P Cat-doping was done on the front side and here Cat-doping

with Tf of 2200 �C, Tsub of 200 �C and pressure of 0.01 mbar was chosen for its largest

increase in NP. For the second sample, 8 nm a-Si:H(n) was deposited on the front

side for comparison. The relation between minority carrier lifetime vs excess carrier

density together with iVoc of these two samples were shown in Figure 6.8(b). For the

sample with a-Si:H(n) layer, the iVoc stays almost unchanged around 729 mV. The

iVoc for the sample with Cat-doping increases from 732 mV to 741 mV indicating
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5 nm a-Si:H(i)
180 µm c-Si(n)

8 nm a-Si:H(p)
5 nm a-Si:H(i)
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5nm a-Si:H(i) 732 mV

+12 nm a-Si:H(n) 728 mV
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(a) (b)a-Si:H(n) Cat-doping

Figure 6.8: Sketch of passivated samples with two post treatment in (a): one is Cat-doping

on the a-Si:H(i) layer and the other one is deposition of a-Si:H(n) layer; (b) shows the �e�

of the passivated samples with two post treatments.

improved passivation quality.

As discussed in Sec. 5.1, the co-existence of thermal annealing, hydrogenation

and P doping e�ects during the Cat-doping process could lead to the improvement

in passivation quality [91]. The thermal annealing e�ect and hydrogenation e�ect

during the process both help to saturate the dangling bonds, therefore improve

the passivation in the stack [124]. Meanwhile, P doping may create a shallow highly

doped layer at the surface and acts as FSF, which could also improve the passivation.

All these three e�ects together lead to the improvement of passivation quality of the

stack.

6.5.2 Cat-doping on a-Si:H(i) in SHJ cells

The passivation quality has been proven to be improved by Cat-doping on a-Si:H(i)

layer in the former section. However, the n layer in the front has contact with the

ITO layer which provide good ohmic contact between the layers in a cell. It could

be that the Cat-doped a-Si:H layer is not conductive enough and the band diagram

alignment is not good enough to provide good ohmic contact. Therefore, a modi�ed

conventional SHJ cell structure is also tested. In this modi�ed structure, the front

is a stack of a-Si:H(i)+Cat-dopingna-Si:H(n)nITOnAg grids. Accordingly, the aim
of this structure is not to reduce the parasitic absorption but to further improve the

FF . Two structures are illustrated in Figure 6.9.
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These two structures both involve the Cat-doping on a-Si:H(i) layers, so they

are put together for comparison. Meanwhile, one reference cell without Cat-doping

for each structure is included. For simplicity, the reference for cell without n layer

deposition is hereafter referred to as C0, cell without n layer but with Cat-doping

(structure(a) in Figure 6.9) is hereafter referred to as C1, reference for conventional

SHJ cell (cell with n layer) is hereafter referred to as C2 and conventional cell

with Cat-doping (structure (b) in Figure 6.9) is hereafter referred to as C3. In this

series, only Tf was varied among other Cat-doping conditions because it provides the

largest change in NP and doping depth inside the �lm. Thus, di�erent thicknesses

of a-Si:H(i) were also used. Since di�erent thicknesses of a-Si:H(i) were also used

in these cells, su�x is used to distinguish the di�erence, such as C0-5 means a

reference cell with 5 nm a-Si:H(i) in the front and C3-15 means a conventional cell

with Cat-doping applied on the 15 nm a-Si:H(i) in the front side.

C3 C2

C1C0

a-Si:H(i)+Cat-doping

a-Si:H(n)a-Si:H(i)+Cat-doping

Figure 6.9: Sketches of SHJ solar cells with four di�erent structures. From C0 to C1,

Cat-doping treatment was added to the a-Si:H(i) layer in the front; C2 has a conventional

SHJ structure, and from C2 to C3, Cat-doping was also added to the a-Si:H(i) layer in the

front.

The cell results are shown in Figure 6.10. First of all, for C0 cell, the � is very

poor below 9%. When Cat-doping was applied to the a-Si:H(i) layer on the front,

the � increases. With higher Tf during Cat-doping, the � becomes higher. For C1

cell, when the Tf reaches 2200 �C, the � is the highest, which is 19.4%. The value
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is as good as the conventional SHJ cells (C2 ), which have a-Si:H(n) layers. The

Jsc of the cell without a-Si:H(n) layer (C0 and C1 ) is around 39.0 mA=cm2, higher

than the 38.0 mA=cm2 from cells with a-Si:H(n) layer (C2 and C3 ) and this higher

Jsc is independent from whether use Cat-doping or not. For C1 cell, both Voc and

FF increase when the Cat-doping was used and reached their highest value at Tf of

2200 �C. Furthermore, Cat-doping was also done on the front a-Si:H(i) layer in C3.

It turns out the C3 cell have the highest � and the champion � is 21.2% while the

conventional C2 cell has 19.7% e�ciency. The increase in � mainly comes from the

improvement in FF , which increases from 73.2% to 78.1%.

Figure 6.10: Results of cells with di�erent front side structures, referred to as C0, C1,

C2, C3. The reference cells (C0) are with only a-Si:H(i) layers in the front; conventional

cells (C2) are indicated in green strips and conventional cells with additional Cat-doping

(C3) are indicated in light purple strips. C1 cells without a-Si:H(n) on top of a-Si:H(i) are

with Cat-doping under di�erent �lament temperatures in the range of 1000 to 2200 �C.
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Comparing C0 and C1 cells, the possible reason for � to increase as Tf increases is

that when Cat-doping is applied, three e�ects, i.e. thermal annealing, hydrogenation

and P doping, happen to the samples. Thermal annealing and hydrogenation im-

prove the Voc due to chemical passivation. P doping, which is likely to provide more

P dopants, improves both the Voc and FF by FSF e�ect and doping of a-Si:H(i),

respectively. These three e�ects become more signi�cant with higher Tf. Therefore,

at Tf up to 2200 �C, the cell e�ciency of C1 reaches 19.4%, a value which is equiv-

alent to a conventional cell C2. The Voc is 660 mV and FF is 76.3% for cell C1

with Cat-doping at Tf of 2200 �C and as comparison, the Voc is 711 mV and FF

is 73.2% for cell C2. Compared to C2, the lower Voc of cell C1 at Tf of 2200 �C

may come from the damage during the ITO sputtering since there is only a 5 nm

a-Si:H(i) between the c-Si surface and high kinetic energy plasma. Meanwhile, the

higher FF of cell C1 is the result of higher conductivity from Cat-doped a-Si:H(i).

Compared to C2 cells, C3 cells which have a-Si:H(n) layers and additional Cat-

doping on a-Si:H(i) layer still have the highest e�ciency despite of the lower Jsc.

Actually, the highest e�ciency of 21.2% is from C3 where Cat-doping was used

comparing to the 19.7% of C2 without Cat-doping. The di�erence in � mainly

comes from the FF , which increases from 73.2% of C2 to 78.1% of the champion

cell C3. Compared to C2 cell, C3 cell has lower Jsc and same Voc, but the FF is

higher. The possible reason for higher FF is that the conductivity of the a-Si:H(i)

layer has been increased by applying Cat-doping. Meanwhile, compared C3 to C1

FF from C3 is also higher. Here the reason is likely that only using Cat-doping

on a-Si:H(i) layer may not achieve same high level of doping as compared to in-situ

doped a-Si:H(n) layer, therefore the band gap alignment between the Cat-doped

a-Si:H(i) layer and ITO is not as good as the one between in-situ a-Si:H(n) and

ITO. The aforementioned two reasons imply that currently the a-Si:H(n) is still

necessary but Cat-doping on the a-Si:H(i) layer might further improve the FF .

6.5.3 E�ect on light absorption

For a closer look at the increase in Jsc, internal quantum e�ciency (IQE) mea-

surements were done for the C2-10 cells and C1-10 cells (with Tf of 2200 �C), as
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shown in Figure 6.11(a). Here 10 nm a-Si:H(i) in the front, instead of 5 nm used

in cells, was used for a more obvious change in front side light absorption. IQE of

C1-10 cells with di�erent Tf was also measured in Figure 6.11(b). The IQE spec-

trum in Figure 6.11(a) clearly shows that for the cell without a-Si:H(n), there is a

signi�cant absorption increase in the short wavelength range, resulting in about 1

mA=cm2 increase in Jsc. However, when Cat-doping was applied with di�erent Tf,

there is slightly decrease of light absorption in the short wavelength range and it

reduces the Jsc 0.5 mA=cm2 by raising Tf from 1000 �C to 2200 �C. At higher Tf,

defects from atomic H etching may become severer [12] and P doping becomes more

signi�cant, this could give rise to the number of recombination center. Therefore,

the slight decrease in Jsc could come from the increased recombination of Cat-doped

a-Si:H �lm in the front. The clear large improvement of light absorption in the

short wavelength range for C1-10 where there is no a-Si:H(n) layer deposited. This

con�rms that by replacing a-Si:H(n) with Cat-doping on a-Si:H(i), the parasitic ab-

sorption could be reduced in the front side and an increase in Jsc about 1 mA=cm2

has been achieved.

Figure 6.11: IQE of the 10 nm a-Si:H(i) cell series: (a) IQE of C1-10 cell with Cat-

doping at Tf of 2200
�C and C2-10 cell with a-Si:H(n) layer; (b) IQE of C1-10 cells with

Cat-doping at di�erent Tf and their corresponding Jsc from IQE.
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The urgency to �nd green and renewable energy to replace existing fossil fuels

has promoted intensive studies in various researches in climate and energy �elds.

Converting sunlight with unlimited lifespan to electricity, photovoltaic technology

has found its way to take over a large portion in the sustainable energy market.

However, the challenge still lays in lowering the levelized cost of electricity (LCOE) of

PV, which is yet not competitive enough compared to fossil energy. SHJ solar cells

has the advantages in high e�ciency, simple production procedure and low cost.

Conventional SHJ solar cells use a-Si:H(i) layers on both sides to passivate the wafer

and a-Si:H(n/p) layers as surface �eld layer or emitter layer. However, the use of

doped a-Si:H layers in the front leads to parasitic absorption that reduces the Jsc of

cells. Furthermore, to ensure good passivation certain thickness of a-Si:H(i) layer is

necessary which is against good electrical transport in the cells. To solve problem

mentioned above, new window layer materials, such as nc-SiOx:H and �c-SiC:H,

have been widely studied for better light absorption. Materials with better electrical

property, such as �c-Si:H, have also been tested. The passivation layer is also

explored in terms of both optimization of existing a-Si:H(i) layer and introducing

new passivation layers [83]. Beside these new material research, another promising

technique is to introduce Cat-doping process that further enhance the electrical

property of aforementioned silicon alloys and improve the passivation.

Accordingly, the goals of this thesis were to: (1) understand the mechanism of

Cat-doping on di�erent silicon alloys and the e�ects on both electrical and optical

properties of silicon alloys; (2) understand how the passivation quality was a�ected

when Cat-doping was applied onto silicon alloy layers inside cell precursors; (3) ex-

plore the e�ciency improvement from Cat-doping on silicon alloys in SHJ solar cells.
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In this chapter, a summary of the main results and conclusion of this thesis is given.

Moreover, an outlook for further investigating Cat-doping on silicon alloys in terms

of both mechanism and implementation in device is provided.

7.1 Summary

Short summary for each section is listed below including Cat-doping on various

silicon alloys, e�ect on passivation and advancement in device performance.

Cat-doping on silicon alloys

Electrical property and doping pro�le Cat-doping on di�erent silicon alloy �lms

proved Cat-doping's ability to further improve the conductivity of these �lms andNP

increase shown in P pro�les from SIMS con�rmed that P atoms were incorporated

into the �lms. The number of P atoms incorporated into the �lms were in�uenced

by the Cat-doping conditions (i.e. Tf, Tsub and processing pressure) and NP can

reach the range of 1021cm�3. The increase in conductivity from �c-Si:H implies its

independence of �c when Cat-doping was used. However, the doping depth and

NP from Cat-doping is largely dependent on the microstructure and composition

of the silicon alloy �lms. As for a-Si:H and �c-Si:H �lms, the loose microstructure

might enable P atoms to penetrate more and deeper inside the �lms, if compared to

Cat-doping on c-Si. This results in higher NP and larger doping depth in a-Si:H and

�c-Si:H. It becomes more interesting when Cat-doping was applied on nc-SiOx:H

�lms. The P atoms penetrate throughout the whole thickness of nc-SiOx:H �lms via

the porous cage microstructure of nc-SiOx:H. This porous microstructure may o�er

channel for P atoms to penetrate deep inside the �lm. However, the incorporated P

atoms are not all activated as dopants. Actually, the activation ratio of Cat-doping

incorporated P atoms seems to decrease with increase of O content inside the �lm.

Therefore, Cat-doping on nc-SiOx:H only improve the conductivity slightly. When it

comes to �c-SiC:H �lms, P atoms from Cat-doping likely only attach to the surface

of �c-SiC:H �lms, which has a very dense microstructure and has merely any channel

for P atoms to penetrate.
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Structural and Optical properties The microstructure of silicon alloys doesn't

change after Cat-doping process, though defects and etching might happen through

the process depending on the Cat-doping conditions used. Furthermore, no sig-

ni�cant optical property change has been seen with PDS measurement. However,

slightly increase in light absorption in the low energy range is seen and the in�uence

in devices was investigated later.

Enhancement in passivation quality

Three e�ects during Cat-doping Using di�erent gases during Cat-doping, co-

existence of three e�ects, i.e. thermal annealing, hydrogenation and P doping, was

con�rmed. However, the portion of the three e�ects in the enhancement in passiva-

tion quality remains di�cult to derive. The thermal annealing and hydrogenation

exist in Cat-doping process independent from the materials used, but P doping could

rely heavily on the microstructure of silicon alloys. Therefore, passivated samples

with silicon alloys with higher �NP results in larger improvement in �e�. This is

likely due to the fact that P doping e�ect enhances the surface �eld e�ect and

improves the �e�.

Passivated stacks with silicon alloys The �e� of passivated stacks with dif-

ferent silicon alloys was improved di�erently after Cat-doping. In general, with

larger change in � after Cat-doping the �e� improvement is more signi�cant. The

Cat-doping conditions play a big role upon improving the passivation quality and

balance between aforementioned three e�ects and H etching exists. In detail, the �e�

for samples with �c-Si:H �lm has the most signi�cant enhancement after Cat-doping,

which co-relates to its large increase in �. Meanwhile, the �e� for samples with

nc-SiOx:H and �c-SiC:H has no signi�cant change due to the minor in �. However,

the di�erence between nc-SiOx:H and �c-SiC:H is the P atoms were incorporated

into nc-SiOx:H but the activation ratio is low while P atoms were barely incorpo-

rated into �c-SiC:H �lms. Similar as �c-Si:H, the P pro�le for a-Si:H �lms shows

that P atoms were successfully incorporated but the �e� didn't improve much. The

reason might be that the �e� was limited by other aspects.

101



7 Summary and outlook

Cat-doping in SHJ solar cells

Three silicon alloys were tested in SHJ solar cells for their prior optical or electrical

properties. Beside the new materials, Cat-doping as a new method was also studied

for the use in SHJ solar cells. In general, the goal to implement Cat-doping in

SHJ solar cells is to achieve better electrical property of the �lm while not jeopardize

the optical property. With the three e�ects from Cat-doping upon �e�, the device

could reach higher Voc and FF , therefore improved �. Meanwhile, with Cat-doping's

ability to dope the intrinsic materials, new approaches of making SHJ solar cells

with less procedure or higher � were proposed and tested. In the following, the

main conclusion involving devices is summarized.

Cat-doping on di�erent silicon alloys Firstly, a scan of Cat-doping on di�er-

ent n-type silicon alloys in SHJ solar cells shows improved � from Cat-doping and

the improvement comes mainly from improved Voc and FF , which is the goal of this

work. Slightly decrease in Jsc was also seen, as an result of increased free carrier

absorption in short wavelength range.

Cat-doping on �c-Si:H(n) Cells with �c-Si:H(n) in the front were studied

in detail via varying the Cat-doping conditions. The performance of cells were im-

proved upon the application of Cat-doping and the processing condition (i.e. Tf, Tsub

and processing pressure) have a signi�cant impact on the performance improvement

and local optimal conditions were identi�ed. The cell results also agrees very well

with the change in material properties.

Cat-doping on nc-SiOx:H(n) Although Cat-doping with Tf in a large range has

been tried on nc-SiOx:H(n) inSHJ solar cells, the impact of Cat-doping on the � is

very small. The cell performance doesn't seem to change much with Cat-doping. In

another sense, this also agrees with the tiny change in conductivity of nc-SiOx:H(n)

after Cat-doping.

Cat-doping on a-Si:H(i) The goal of applying Cat-doping on a-Si:H(i) in cells

was to eliminate the parasitic absorption from the front side n layers as well as
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improve the FF . This results in two approaches with Cat-doping on a-Si:H(i)

layers: one is without deposition of a-Si:H(n) and one is with a-Si:H(n) like that

in conventional SHJ solar cells. In both approaches, Cat-doping was done on the

a-Si:H(i) passivation layer. The one without a-Si:H(n) layer shows advantage in

reducing parasitic absorption in the front of the cells and the other one with addi-

tional Cat-doping on a-Si:H(i) layer shows improvement in FF and results in the

champion cell e�ciency of 21.2%. Meanwhile, applying Cat-doping on the a-Si:H(i)

layer in passivated samples also shows improvement in iVoc with a value of 741 mV.

There is slightly increase in free carrier absorption in the front of cells likely due to

Cat-doping on a-Si:H(i) layer. However, compared to the gain of 1mA=cm2 in Jsc via

using no a-Si:H(n) layer, it is worth to applying Cat-doping in such SHJ solar cells.

7.2 Outlook

Based on the results in this work, the directions of further developing Cat-doping

in terms of mechanism, materials and devices are presented in the following.

Cat-doping mechanism

Several hypotheses of Cat-doping mechanism have been proposed by Matsumura

et al. [87] together with some experiment and simulation results on a-Si:H and c-Si.

This work extends the Cat-doping materials to various silicon alloys, i.e. �c-Si:H,

nc-SiOx:H and �c-SiC:H, as well as more study in a-Si:H. However, these studies

support the hypotheses in an indirect way and no directly proof has been shown. To

get deeper insight into what happen in a Cat-doping process, the following directions

are recommended:

I Defects and vacancy Defects and vacancy seem to play a big role for the

happening of Cat-doping. The H radicals produced from the hot �lament may

etch the silicon �lm but could also create defects and vacancy for P atoms

to penetrate inside. Therefore, characterizing the defect states and vacancy

might reveal the relation between Cat-doping and them.
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7 Summary and outlook

II Surface modi�cation Surface modi�cation is one of the hypotheses that

could explain the limited thickness of Cat-doping. If one can �nd a way to

characterize the surface structure within a few nanometer, the limited thick-

ness of Cat-doping might be understood.

III Hydrogen Hydrogen plays a big role during Cat-doping. Both SIMS pro�les

and simulation show that H is involved in the process and might help P atoms

to penetrate. Therefore, if one can use isotopic H and P atoms to locate the

H and P atoms from Cat-doping and their relative distribution, the role the

H might be understood.

IV Microstructure Comparing among silicon alloys, clearly the microstructure

is an important issue that determines NP and doping depth from Cat-doping.

Methods such as APT combined with other microstructure characterization

methods may disclose where the P atoms are located in the microstructure,

therefore, reveal the penetration channel for P atoms or preferred channel.

Cat-doping on silicon alloys

High NP in a-Si:H and �c-Si:H has already been achieved with Cat-doping by

varying Cat-doping conditions. However, for nc-SiOx:H and �c-SiC:H, due to their

composition and microstructure the increase in NP and Nc is still very limited.

Based on existing results, one direction is to go to extremer Cat-doping conditions,

such as higher Tf and pressure to push more P atom into the �lms. The activation

of the Cat-doping incorporated P atoms is another problem, which is likely related

to the intrinsic properties of silicon alloys.

Passivation enhancement

It is clear that three e�ects co-exist in the Cat-doping process and help to improve

the e�ective lifetime. However, it should be noted that as the Cat-doping conditions

changes, other e�ects, such as H etching, may also come into play and compensate

the improvement. Therefore, more detailed study of Cat-doping conditions may give

even higher improvement in �e�. Another aspect is to produce more low energy H
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radicals that won't etch the �lm and deteriorate the passivation quality.

Cat-doping in SHJ cells

The cell results show Cat-doping's ability to improve the e�ciency. However, the

reference cells used in this work initially don't have state-of-art �. The question

remains that whether Cat-doping can further improve the � of already excellent

cells. Therefore, Cat-doping should be validated in state-of-art SHJ solar cells.

For all SHJ solar cells with a-Si:H(i) passivation layers, the Cat-doping might be

applied on several interfaces to maximize the improvement. In general, three in-

terfaces are interesting for Cat-doping: a-Si:H(i)/c-Si, n layer/a-Si:H(i) and ITO/n

layer. Applying Cat-doping on a-Si:H(i)/c-Si interface improves the passivation

quality; on n layer/a-Si:H(i) interface improves both passivation quality and con-

ductivity of a-Si:H(i); on ITO/n layer interface improves the conductivity of n layer.

All together the Voc and FF can be improved the most.
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8 Abbreviations and Symbols

Variables and physical constants

� optical absorption coe�cient

�1eV sub-bandgap absorption at the photon energy of 1:0 eV

�Ec conduction band o�set

�Ev valence band o�set

�n excess carrier density

� solar cell e�ciency

� wavelength

� charge carrier mobility

� wavenumber

�c contact resistivity

�SiC resistivity of �c-SiC:H(n) �lm

� lateral electrical conductivity

�e� e�ective carrier lifetime

A absorptance

cMMS monomethylsilane concentration

df-s distance between �lament and substrate

E04 optical bandgap

E� activation energy of charge carrier mobility

EA activation energy

EB e�ective potential barrier height

EC conduction band edge

EF Fermi level

Eg bandgap energy

En activation energy of charge carrier density

107



8 Abbreviations and Symbols

EQE external quantum e�ciency

EV valence band edge

fCO2 gas ratio of carbon dioxide

FCO2 �ow rate carbon dioxide gas

FF �ll factor

FH �ow rate of hydrogen gas

FMMS �ow rate of monomethylsilane gas

FN2 �ow rate of nitrogen gas

h Planck's constant

IQE internal quantum e�ciency

Ic crystallinity of silicon phase measured by Raman spectroscopy

Isc short circuit current density

ISi-C intensity of Si-C mode in FTIR spectroscopy

iFF implied �ll factor

iVoc implied open circuit voltage

J electrical current density

J0 saturation current density

JR re�ection loss in form of current density

Jph photo-current density

Jsc short circuit current density

k extinction coe�cient or imaginary part of complex refractive index

from ellipsometer

kB Boltzmann constant (� 8:6 � 10�5 eV)
L hypothetical cubic grain size

LSiC average 3C-SiC grain size

me tunneling mass of electrons

mh tunneling mass of holes

n infractive index (real part)

NA acceptor doping concentration

ni intrinsic charge carrier concentration

nj refractive index of material j

Nc charge carrier density

Nc, ave average charge carrier density in the �lm
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NP, ave average P concentration in the �lm

ra, ave average activation ratio in the �lm

NP phosphorus concentration

p deposition pressure

Pf forward power

Pmax maximum generated power

Psun sun power

q elementary charge

QE quantum e�ciency

rdepo deposition rate

R re�ectance

rCO2 carben dioxide ratio in gas mixture

�c Raman crystallinity

Rs series resistance

RSF relatvie sensitivity factor

Rsh shunt resistance

S thermopower

SRV surface recombination velocity

T temperature

tanneal accumulated annealing time

tacc accumulated deposition time of several depositions

tdepo deposition time

Tf �lament temperature

Tsub heater temperature

V voltage potential

Voc open circuit voltage

Vs volume of surface layer of c-SiC grain

X carbon fraction of �c-Si1-XCX:H

Material and elements

:H hydrogenated

�c- microcrystalline

a- amorphous
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8 Abbreviations and Symbols

Al aluminum

Ag silver

Ar argon

B boron

B2H6 diborane

c-Si crystalline silicon

C carbon

H hydrogen

N nitrogen

O Oxygen

CO oxygen concentration

CO2 carbon dioxide

H2 molecular hydrogen

H2O water

He helium

HNO3 nitric acid solution

IPA isopropyl alcohol

H3SiCH3 monomethylsilane

(i) intrinsic

(n) n-type doped

N2 molecular nitrogen

O2 molecular oxygen

(p) p-type doped

P phosphorus

PH3 phosphine

Si silicon

SiC silicon carbide

SiH mono-hydride

SiH2 dihydride

SiH4 silane

SiNx sub-stoichiometric silicon nitride

SiO2 silicon dioxide

a-SiOx:H amorphous silicon oxide
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SiOx sub-stoichiometric silicon oxide

a-Si:H hydrogenated amorphours silicon

�c-Si:H hydrogenated microcrystalline silicon

nc-Si:H hydrogenated nanocrystalline silicon

nc-SiOx:H hydrogenated nanocrystalline silicon oxide

�c-SiC:H hydrogenated microcrystalline silicon carbide

Ta tantalum

SnO2 tin oxide

W tungsten

Abbreviations

AC alternating current

AM air-mass

APT atom probe tomography

ARC anti-re�ection coating

BSF back surface �eld

FSF front surface �eld

Cat-CVD catalytic-chmical vapor deposition

Cat-doping catalytic-doping

CVD chemical vapor deposition

Cz Czochralski

DB dangling bond

eCV electrochemical capacitance voltage

FCA free carrier absorption

FTIR Fourier transform infrared spectroscopy

Fz �oat zone

HF hydro�uoric acid (1% diluted)

HWCVD hot wire chemical vapor deposition

IBC interdigitated back contact

ITO indium tin oxide

J-V current density-voltage

IV current-voltage

LCOE levelised cost of electricity
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8 Abbreviations and Symbols

MMS monomethylsilane (CH3SiH3)

PDS photothermal de�ection spectroscopy

PECVD plasma enhanced chemical vapor deposition

PERL passivated emitter and rear locally di�used

PL photoluminescence

PV photovoltaics

PVD physical vapor deposition

QSSPC quasi steady-state photo conductance

RCA standard cleaning process developed at Radio Corporation of

America

RT room temperature

SEM scanning electron microscopy

SHJ silicon heterojunction

SHJ solar cells silicon heterojunction solar cells

SIMS secondary ion mass spectrometry

SRH Shockley-Read-Hall

SRIM Stopping and Range of Ions in Matter

TCO transparent conducting oxide

TEM transmission electron microscopy

TLM transfer length method

TOPCon tunnel oxide passivated contact

VHF very high frequency

XRD X-Ray di�raction
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