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ABSTRACT

The overdependence on the tradition energy source have caused a serious of ecologi-
cal problems such as the increasing emission of carbon dioxide. To combat this and
achieve carbon neutrality, attention has shifted towards sustainable energy, particu-
larly wind, tidal, and solar energy. The solar cell catches significant interest due to its
ability to directly convert solar energy into electricity through the photovoltaic (PV)
effect. The silicon heterojunction (SHJ) cells got a lot of attention with high efficiency
and simple fabrication process. The record efficiency of SHJ solar cell is 26.81% from
Longi [1]. The fabrication process for SHJ solar cells involves the use of plasma en-
hanced chemical vapor deposition (PECVD). However, the use of toxic and flammable
gases in the doping process poses safety risks in laboratories. The parasitic absorption
introduced by a doped layer, leads to drawbacks in solar cell performance. Conse-
guently, alternative materials like dopant-free carrier selective contacts (CSCs), divided
into hole transport layers (HTL) and electron transport layers (ETL), have attracted con-
siderable interest. Transition metal oxides (TMO) and metal fluorides stand out in do-
pant-free material research.

This study investigates three metal fluorides (LiF, MgFx, and SrFx) as ETL in SHJ solar
cells. Initially, four plasma treatments (PTP, PT, PTB, and noPT) are examined as inter-
face treatments in combination with LiF as ETL in SHJ solar cells. Results indicate that
PTP is the most compatible with LiF, yielding the highest efficiency. Additionally, stud-
ying the impact of LiF thickness on cell performance reveals that a 1 nm thickness
shows higher Voc and FF, resulting in higher efficiency. Further exploration into the
deposition order of transparent conductive oxide (TCO) and LiF highlights that depos-
iting LiF on the rear side preserves passivation properties, ensuring device perfor-
mance. Investigations into metal electrode contacts on the rear side reveal that a sput-
tered Ti/Ag contact with LiF provides the best performance due to its no-venting dep-
osition process. On the front side, copper plating proves superior to screen printing
due to better-controlled grids and a less aggressive process, benefiting cell perfor-
mance.

We expand the optimal parameters obtained from previous experiments to MgFx and
SrFx. We explore the thickness influence on cell performance. The optimal thickness
of MgFx and SrFx are 1 nm and 4 nm, respectively. Finally, SHJ solar cells integrated
with MoOx as HTL and LiF, MgFx, and SrFx as ETL show significant improvement in light
response within the 300-600 nm wavelength range. The combination of MgFx/MoOx
yields the highest efficiency, with the champion device exhibiting 716 mV of V., 38.02
mA/cm?of Js., 76% of FF, and 20.69% efficiency, surpassing reported efficiencies within
the same cell structure.
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1. Introduction

Conventional fossil fuels, commonly acquired through combustion-based thermal pro-
cesses, presently stand as the predominant energy source. While their widespread
adoption is driven by cost-effectiveness, it's crucial to acknowledge the finite and non-
renewable nature of global fossil fuel reserves. The use of these fuels presents chal-
lenges, particularly in terms of carbon dioxide emissions during combustion, contrib-
uting significantly to global warming. Given the environmental consequences and the
finite supply of fossil fuels, there is an increasing urgency for nations to expeditiously
shift towards renewable energy sources, thereby reducing dependence on traditional
fossil fuels [2].

Renewable resources, such as solar energy, tidal power, wind, and geothermal energy,
contribute to sustainable energy [3]. While comprising a small fraction of global energy
consumption, renewables are crucial for carbon neutrality. Solar energy, uniquely ca-
pable of direct electricity generation through PV devices, minimizes conversion losses
compared to other sources like biomass [4]. Since the year of 1839, PV effect was first
identified by Alexandre-Edmond Becquere, a French physicist. After that, the PV indus-
try is developing during the latter 200 years [5].

Figure 1.1 provides insights into the annual PV production across various technologies.
Throughout the first two decades of the 21st century, the scale of PV production wit-
nessed a notable expansion [6]. During the initial stages, multi-Si, mono-Si, and thin-
film technologies, collectively known as the second-generation PV technology, pro-
gressed concurrently, despite solar energy not garnering significant attention at that
time. By 2015, multi-Si technology had attained dominance, but in the subsequent de-
velopmental phases, mono-Si cells emerged as the leading force in PV production.

About 190* GWp PV module production in 2021

2020

Thin film
Mono-Si [l
2010 Multi-Si -

*2021 production numbers reported by
different analysts vary to some extent.
Different sources report a total PV
module production between 183 and 190
GWp for year 2021.

2000

Data: from 2000 to 2009: Navigant; from 2010: IHS Markit. Graph: PSE 2022. Date of data: Jan-2022

Figure 1.1 PV module production in 2000-2020 [6]
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1.1 Background

Silicon heterojunction solar cells employ crystalline silicon (c-Si) and amorphous silicon
layers (a-Si), achieving remarkable efficiency and demonstrating adaptability to low-
temperature processing. Figure 2 illustrates that crystalline silicon solar cells exhibit
promising efficiency in heterojunction solar cells. Front/back SHJ solar cells have at-
tained a record efficiency of 26.81% [7]. Nevertheless, persistent challenges prompt
the scientific community to explore possibility for enhancement.

Best Research-Cell Efficiencies EL

Cells (2-terminal, monolithic)  Thin-Film Technologies
e 0 CIGS tor)

E»b(d;i%é

n (non-concentrator)
n or more (concentrator)
40~ O Fourjunction or more (non-concentrator)

Single-Junction GaAs

V Thinfim crystal

Crystalline Si Cells

32[" n’ Singe crystal (concentrator)

® Single crystal (non-concentrator)

O Multcrystaline

28| & Siicon heterosinctures (HT)
V' Thinfim crystal

Cell Efficiency (%)

Figure 1.2 Best research-cell efficiency [8]

The PECVD process plays a crucial role in fabricating SHJ solar cells, involving the dep-
osition of intrinsic, p-type, and n-type a-Si:H (hydrogenated amorphous silicon) [9].
However, it's important to note that the precursor gas silane (SiHa) is flammable. Ad-
ditionally, the doping gases phosphine (PHs) and borane (B;Hs) pose safety concerns
due to their toxicity, potential for explosions, and thermodynamic instability [10]. The
doped layers also introduce parasitic absorption leading to drawback in device perfor-
mance [11], [12]. Considering these safety challenges and the pursuit for higher effi-
ciency, there is an imperative need to explore alternative materials to replace the
doped layers in SHIJ solar cells.

Dopant-free materials with tunable work function and better light response attracted
attention to be a sustainable alternative to replace doped layer in SHJ solar cells. The
high or low work functions of these dopant-free materials (shown in Figure 1.3) enable
the realization of band bending upon contact with c-Si wafer, facilitating selective con-
tact with specific carriers [13], [14]. Realizing dopant-free, carrier-selective passivation
contacts for crystalline silicon cells can be achieved through low-temperature pro-
cesses with fewer sequences. This approach eliminates the use of toxic and flammable
gases, aligning with the principles of high efficiency and environmental-friendly. Hence,
the substitutional choice involves the utilization of dopant-free carrier selective
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Figure 1.3 Band diagram of CSCs for c-Si cells [14]

Hole transport layer play a crucial role in facilitating the extraction and transportation
of positive charge carriers while blocking the flow of electrons. In contrast, electron
transport layer exhibits high electron mobility and an affinity for blocking holes, allow-
ing electrons to flow through the layer. The specific role of CSCs as either HTL or ETL
depends on their work function and the method of deposition [15]. The reported work
based on dopant-free materials are listed in Table 1.1.

Table 1.1 Summary of dopant-free CSCs in previous research

Year CSCs  Deposition Structure Voc Jsc FF n Ref.
type [mV]  [mA/em?]  [%]  [%]

2015 HTL Thermal MoOy/i/n-Si 725 38.6 80.4 225 [16]
evaporation

2016 ETL Thermal n-Si/LiF/Al 676 38.9 78.3 20.6 [17]
evaporation

2016 ETL Thermal n-Si/i/MgFy/Al 687 37.8 77.3 20.1 [18]
evaporation

2020 HTL Thermal MoO,/i/n-Si 734 39.2 81.8 23,5 [19]
evaporation

2022 HTL Thermal MoO,/i/n-Si 721 40.2 82.2 23.8 [20]
evaporation

2023 ETL Thermal n-Si/SrFy/Al 654 41.9 78.7 216 [21]
evaporation

2017 HTL ALD n-Si/i/TiOx/metal or TCO [15]

2016 ETL ALD n-Si/SiO2/TiOx/Al 676 39.6 80.7 21.6 [22]

2016 ETL ALD n-Si/TiOx/Al/Ag 650 39.5 80 20.5 [23]




2018 ETL ALD n-Si/i/TiOx/Ca/Al 711 35.1 729 18.2 [24]

2019 ETL ALD n-Si/TiOx/Al/Ag 695 41.5 80 23.1 [25]

2019 ETL ALD n-Si/i/TiOx/Yb/Ag 723 33.8 786 19.2 [26]

*i stands for (i)a-Si:H
1.2 Research topic

In my thesis, | have chosen three specific metal fluorides for study based on insights
gained from the literatures. The optimization of cell structure involves several sequen-
tial steps. Initially, four distinct plasma treatments (PTP, PT, PTB, and noPT) are admin-
istered on the interface between intrinsic hydrogenated amorphous silicon ((i/)a-Si:H)
and ETL. The gas condition of each treatment is illustrated in Table 1.2. Subsequently,
based on the identified optimal plasma treatment, the impact of varying thicknesses
of different metal fluorides used as ETL on cell performance will be systematically ex-
plored. The cell structure is depicted in Figure 1.4. The investigation aims to determine
the optimum thickness for each metal fluoride material. Following this, the order of
deposition and the arrangement of front/rear metal contacts will be deliberated to
further refine the overall cell configuration.

Table 1.2 Gas condition of treatments

Name of treatments Gas
PTP Phosphors, silane, hydrogen
PT Silane, hydrogen
PTB Borane, silane, hydrogen, carbon dioxide
noPT none
(i)a-Si:H
n-type FZ c-Si

(/)a-Si:H
W

Figure 1.4 Schematic of initial cell structure

In the final phase, a dopant-free solar cell will be fabricated, employing MoOx as HTL
and the optimized thickness of the chosen ETL material. This configuration aims to

4



enhance the overall efficiency of the solar cell. The fabrication process will be comple-
mented by a comprehensive suite of characterization methods to thoroughly assess
and understand the resulting device's performance and properties.



2. Physical fundamentals

Chapter 2 are mainly focus on the physical foundations related to solar cells. This chap-
ter is divided into five sections. Starting with an exploration of silicon as the funda-
mental and pivotal material for solar cells, the chapter progresses to explain the oper-
ational principles of solar cells. Subsequently, the dopant materials and silicon hetero-
junction are illustrated. In the pursuit of enhancing cell efficiency, a detailed examina-
tion of loss pathways and recombination mechanisms ensues. The final part is aimed
at carrier selective contact that is the central focus of research within this thesis.

2.1 Silicon

Silicon (Si), characterized by an atomic number of 14, is a pervasive element constitut-
ing 27.7% of the Earth's crust, as depicted in Figure 2.1 (a). Silicon stands as the second
most abundant element. Possessing a face-centered diamond cubic crystal structure
with a lattice parameter of 0.543 nm, the crystal structure of Si is illustrated in Figure
2.1 (b). Each silicon atom has four electrons in its outermost orbital and forms covalent
bonds by sharing electrons with its nearest neighbor atoms. This arrangement reveals
silicon with a stable and complete valence bond structure.

(a)

other metals
(about 1%)

magnesium
(2.0%)

potassium sodium  calcium
(2.6%) (2.8%) (3.6%)

Figure 2.1 (a) The composition of elements in earth crust [27], (b) Silicon crystal structure [28]

The energy bands of the Si crystal are depicted in Figure 2.2. Here, E, denotes the top
edge of the valence band. On the other hand, E. represents the bottom edge of the
conduction band. The separation between E, and E. is defined as the band gap energy,
denoted as Eg, where Eg = E. - E,. Eg signifies the energy required for charge carriers to
move from the valence band to the conduction band. For crystalline silicon, Eg is meas-
ured as 1.12 eV at 300 K [29]. This implies that wavelength of light shorter than
1107nm contributes to the conversion of solar energy in the case of crystal silicon.
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Figure 2.2 The band gap of Si and molecule orbitals

2.2 The working principle of the solar cell

Solar cells are devices that utilize PV effect of semiconductor materials to convert solar
energy directly into electricity. Figure 2.3 illustrates the working principle of a solar cell.
The PV effect can be divided into three main steps: absorption, separation, and collec-
tion processes.

P A
Y

=

e

c

]

7]

lNegative electrode |
= . External
ntype semiconductor (= | load
ptype semiconductor  (F
PV/ device lPositive electorde

Electricity flow

Figure 2.3 The working principle of a PV cell [30]

The initial stage occurs when sunlight strikes the solar cell. Photon absorption takes
place only for photons with energy greater than the material's bandgap. Photons with
lower energy pass through the material. As a result, electron-hole pairs are generated.
The crucial component in c-Si solar cells is the p-n junction. In its presence, the poten-
tial recombination of electron-hole pairs is prevented as they are separated by n- and
p-type materials, as illustrated in Figure 2.3. Ultimately, the separated electrons and
holes migrate to the cathode and anode, respectively, creating an electric current.

2.3 Doped semiconductor

In intrinsic silicon, as depicted in the two-dimensional representation in Figure 2.4 (a),
the silicon atom in the middle shares electrons with four surrounding silicon atoms. To
achieve n-type silicon, phosphorus as a donor is introduced, providing one free elec-
tron as illustrated in Figure 2.4 (b). Conversely, if boron is introduced into silicon, three
electrons in the outer valence shell are required to form additional covalent bonds,
leaving a hole with a positive charge. Boron, as an impurity atom, acts as an acceptor,



leading to p-type semiconductor characteristics, as shown in Figure 2.4 (c).

FI=Si=Si=Si=Si=Si—F  +=Si=Si=Si=Si=Si—=  F=Si=Si=Si=Si=Si=F
1 | H ; S S e |
—S5j=Si=S8 :SIZSIIF ;S|:S|:S|:S| S|:!: :S|= |=S|=Sr—S|:|:
ol I R I | DI
+=Si=Si=Si=Si—Si=— +—Si=Si Si=“rSi—r =Si= @ +SiI=
| | Q Wl Ll
—§|—S|=S|=S|—Sj—= ::S|:St=‘ |;SP:S|: —=§i—§|=8|=8|—Si—=
ol 1 g [ 1 O
+—Si=Si=Si=Si—Si— +—Si=Si=Si=8Si—Si— +——S8i=S8i=8i=Si—=8i=—=

A A

Intrinsic n-doped p-doped

Figure 2.4. The examples of doping in Silicon [31].

2.4 Silicon heterojunction solar cells

SHJ solar cells represent a photovoltaic technology that leverages the unique proper-
ties of heterojunctions formed between c-Si and thin-film layers of a-Si or other mate-
rials [32]. The fundamental concept of a heterojunction involves the interface between
two different semiconductor materials, each with distinct electronic properties. Thin
layers of intrinsic and doped amorphous silicon are deposited on both sides of the c-
Si wafer, forming heterojunctions. The (i)a-Si:H layers act as passivation layers, mini-
mizing surface recombination of charge carriers (electrons and holes) and reducing
losses in the solar cell. The heterojunctions at the interfaces between c-Si and doped
a-Si layers create a built-in electric field due to the differences in electronic band struc-
tures. Photogenerated electron-hole pairs are efficiently separated and transported
within the cell. The built-in electric field assists in the directional movement of charge
carriers towards the respective electrodes, promoting efficient charge collection. The
energy band alignment at the heterojunction interfaces is carefully engineered to fa-
cilitate charge separation and reduce recombination losses [33]. SHJ solar cells have
demonstrated high conversion efficiencies, making them a promising technology for
photovoltaic applications [7]. The reduced recombination losses, effective passivation,
and optimized carrier transport contribute to the superior performance of SHJ solar
cells [34].

2.5 Mechanism of loss and passivation

To achieve high-efficiency solar cells, a fundamental understanding of the sources and
mechanisms of loss is essential. The losses in solar cells are generally categorized into
two main types: optical loss and electrical loss.

2.5.1 Optical loss

Optical loss including reflection, parasitic absorption, and mismatch with solar
8



spectrum. Reflection take place in the front and rear surface of the cell. The application
of anti-reflection coatings and surface texturing is used to reduce the reflection [35].
Parasitic absorption is an absorption process without the electron-hole pairs genera-
tion. Some sunlight is absorbed in non-active layers of the solar cell, such as the front
contact, antireflection coating, or passivation layers [36].

2.5.2 Electrical loss

Recombination can be split into surface and bulk recombination [37]. Surface recom-
bination is induced by surface defects. Dangling bond is a common type of surface
defects which is produced by exterior Si atoms without a covalent band. The surface
recombination rate Rs in n-type materials can be derived from Equation 2.1 and Equa-
tion 2.2

Ry = S, (ps—po) Equation 2.1

Sy = nopNer Equation 2.2

where ps is the concentration of minority charge carriers in n-type material and po is
the concentration of minority charge carriers in n-type material at equilibrium state. S;
is defined as the surface recombination velocity, vi» represents the thermal velocity in
cm/s, op is the capture cross-sectional area for holes, and N.r is the surface trap density
in cm. The parameters vih, 0p, and Nst are constants determined by the material prop-
erties and conditions at a specific temperature.

In the context of Equation 2.2 describing S;, it is noteworthy that vi, and op are con-
stants, maintaining their values at a specific temperature within a solar cell. The vari-
ability of S, is contingent upon changes in Ns1. Notably, the passivation layer applied to
the semiconductor surface emerges as an effective strategy for diminishing surface
recombination.

This understanding underscores the significance of managing the surface trap density
through approaches like passivation techniques, aiming to optimize the performance
of SHJ solar cells.

Bulk recombination in semiconductor materials encompasses three primary types: ra-
diative recombination, Shockley-Read-Hall recombination, and Auger recombination
as demonstrated in Figure 2.5.
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Figure 2.5 Basic mechanisms of recombination [38], [39]

Radiative recombination, also known as band-to-band recombination, does not play a
dominant role in silicon solar cells. It operates inversely to the photon absorption pro-
cess, involving the transition of charge carriers from the conduction band to the va-
lence band, accompanied by the emission of a photon.

Shockley-Read-Hall (SRH) recombination takes place in the presence of defects or im-
purities within the band gap, earning it the alternative name of defect recombination.
This recombination occurs in two distinct steps: an electron becomes trapped at a de-
fect, subsequently recombining with a hole that is attracted to the trapped electron
[40].

Auger recombination involves three particles in its process. The momentum and en-
ergy remaining from the recombination of electron-hole pairs are transferred to a third
particle. This intricate process contributes to the overall recombination dynamics in
semiconductor materials, impacting the performance of devices like solar cells. Under-
standing these mechanisms is crucial for enhancing the efficiency and functionality of
such semiconductor-based technologies.
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3. Equipment and Methods

3.1 Wafer preparation

3.1.1 Wafer parameters

The wafer is manufactured by the TOPSIL, which is a Danish company on the world
market specializing in the production of ultrapure float zone silicon. There are two rep-
resentative techniques that are used for growing monocrystal semiconductor. Cochral-
ski (Cz) method is still the principal method for manufacturing monocrystalline silicon
wafers. The Cz method have the advantages of equipment is relatively simple, process
parameters are easy to be adjusted. But The monocrystalline Czochralski silicon (Cz-Si)
wafer doping element longitudinal distribution is difficult to control. Another method
is Float zone melting method (FZ), without the use of a melting crucible to prevent the
crucible from introducing oxygen or metal impurities, and therefore can generate high
purity single crystals. The TOPSIL FZ wafer used in this project to meet both the mate-
rial requirements and the cost levels required in terms of high minority carrier lifetime,
low levels of performance degrading impurities and tight resistivity tolerances. The
parameters of n-type that doped with phosphorus TOPSIL wafer are shown in Table
3-1.

Table 3.1 The parameters of wafer used in this project

Diameter Growth Orientation Resistivity ~ Thickness Surface

99.6-100.2mm  Float zone (FZ) <100>+1° 1-5Q:cm 280+20um polished

3.1.2 Wafer texture

The texture step is essential for enhancing light transmittance. In this project, the tex-
turing process occurred in a solution with the rotation speed of the magneton set at
100 rpm. The solution consisted of 4 liters of deionized water (DI water), 1 liter of tet-
ramethylammonium hydroxide (TMAH), and 120 mL of Alkatex 8. The temperature of
the solution is maintained around 85-90°C. After thoroughly mixing the solution, the
wafer was fully submerged below the water level for a duration of 15 minutes [41].

3.1.3 Wafer cleaning

The silicon wafer undergoes a thorough cleaning process. Initially, it is treated with a
11



60% HNOs for 10 minutes to remove external organic particles. Subsequently, it is
rinsed with DI water for 6 minutes. To eliminate the surface oxide layer, a 3-minute
treatment with hydrofluoric acid (HF) is conducted, followed by another 6-minute DI
water rinse. The wafer is then spin-dried using a dryer.

For the standard cleaning procedure at the EKL lab, the wafer undergoes a triple clean-
ing cycle in the cleaning line. This line comprises two primary sections with HNOs. The
first section utilizes 99% HNOs at room temperature, followed by a DI water rinse. The
second section involves treatment with 69.5% HNOs at 110°C, also followed by a DI
water rinse. The wafer is immersed for 10 minutes in each HNOs bath, with corre-
sponding DI water rinses of 5 minutes each.

Preceding PECVD process, the Marangoni system is employed for additional cleaning
to eliminate the native oxide layer. The wafer is loaded into slots and subjected to a 5-
minute etching process with 0.55% HF, followed by a final minute of treatment with
isopropyl alcohol (IPA). The wafer is then rinsed in DI water for an additional 5 minutes.

3.2 Deposition techniques

Thin-film deposition techniques fall into three major categories: chemical vapor dep-
osition (CVD), physical vapor deposition (PVD) and electroplating. In this section, a va-
riety of deposition techniques for individual layers are described in detail.

3.2.1 CVD

Three widely employed CVD technologies in laboratory-scale research include low
pressure chemical vapor deposition (LPCVD), plasma enhanced chemical vapor depo-
sition (PECVD), and atomic layer deposition (ALD).

PECVD involves the deposition of thin layers on a substrate by leveraging glow dis-
charge plasma to influence the process in conjunction with CVD. The thin film deposi-
tion technique, where plasma is typically generated using the radio-frequency method,
is known as RF-PECVD. Amigo, an RF-PECVD cluster tool installed in the EKL Dimes lab,
boasts six PECVD deposition chambers and a reliable transfer robotic manipulator, as
depicted in Figure 3.1. This system is well-suited for depositing silicon-based intrinsic
and doped thin film materials for various applications. In this project, the PECVD is
applied to deposit (i)/(n)/(p)a-Si:H on the cleaned wafer as well as plasma treatment.

12
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Figure 3.1 (a) Configuration of RF-PECVD setup and components [42], (b) Top view of Amigo

3.2.2 Evaporation

Compared with CVD, evaporation is a widely known PVD method for coating a thin film
on the substrate in a vacuum environment. The two most frequently used evaporation
ways are electron beam (e-beam) and thermal evaporation. The following Figure 3.2
shows an image of an E-beam and thermal evaporation equipment. Provac PRO500S
is the evaporation facility that used in PVMD group and EKL lab, which is an organic
whole of these two types of evaporation methods. In contrast to CVD), evaporation is
a well-known method employed for coating thin films on substrates within a vacuum
environment. The two most commonly used evaporation techniques are E-beam) and
thermal evaporation. Figure 3.2 provides an illustration of E-beam and thermal evap-
oration equipment. The Provac PRO500S is the evaporation facility utilized in the
PVMD group and EKL lab, encompassing both of these evaporation methods.

(a) (b)
] Vacuum chamber Vacuum chamber
Heater._| Substrate holder
— Substrate lens
@ o
D | )
/ C i ¥ ‘ Substrate dome :"\\\
I typ;.' 5 Evaporation flow L Substrate
Crystal m
thickness meter Vacuum
pump
= e Vapor flux
L-Sh 3
Shutter| f:mcmle . . —.r—
target material I l
Evaporation
material l

To pumping system

13



Figure 3.2 Sketch of (a) E-beam evaporation [43], (b) thermal evaporation [44]

E-beam evaporation, a form of PVD, comprises two main sections: an electron source
and a crucible, as depicted in Figure 3.2 (a). The electron source generates and accel-
erates electrons into an electron beam, deflecting them as necessary. The crucible
holds the material to be evaporated. For the deposition of the back contact metal alu-
minum (Al), E-beam evaporation technology is employed, achieving a 500nm deposi-
tion with a rate of 1nm/s.

Thermal evaporation, also known as resistive or resistive heating evaporation, is a
straightforward technique that utilizes a resistance heating element or filament to
heat a material in a crucible until it reaches its melting point. The vaporized material
rises, and a thin layer is deposited on a substrate placed at the top of the chamber. The
thermal evaporation process is illustrated in Figure 3.2 (b). Filament power supplies,
requiring high currents of several hundred amps, ensure low-voltage safety. Accessory
products such as "Boats", thin high-temperature metal sheets like tungsten with
shaped indentations, are used for holding the material during evaporation.

In this project, dopant-free materials (LiF/MgF/SrF«/Mo0Qy) and metals (Al, Ag) are de-
posited using thermal evaporation. The specific boats corresponding to different ma-
terials for thermal evaporation are listed in Table 3.2.

Table 3.2 The list of thermal evaporated materials

Material Melting point Pressure Deposition Rate Boat
(°C) (mbar) (nm/s)
LiF 845 5E-6 0.03
MgFy 1261 5E-6 0.03 ‘
SrFy 1477 5E-6 0.03
MoOy 795 5E-6 0.1 ?—w
Al 660 5E-5 1 — N

Ag 962 5E-5 1 -

In this project, CSC materials (LiF/MgF«/SrF«/Mo0QOy) and metal (Al, Ag) are deposited
by thermal evaporation. Various boats corresponding to different materials’ melting
points for thermal evaporation are showing in Table 3.2.
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3.2.3 Magnetron sputtering

Transparent conductive oxides (TCO) layers, primarily composed of oxides of In, play a
crucial role as front/back contact electrodes and anti-reflection coatings in SHJ solar
cells [45]. TCO layers offer numerous advantages, including improved trapping (re-
duced thickness and degradation) and low resistivity. In the realm of TCO, with exam-
ples like indium doped tin oxide (ITO) and indium tungsten oxide (IWO), indium doped
tin oxide (ITO) stands out as a prominent choice. The ITO used in this work is composed
of 90% indium oxide (In203) and 10% tin oxide (Sn0O;). The IWO used in this work is
composed of 95% indium oxide (In,03) and 5% tungsten oxide (WOs).

For the production of SHJ cells in this thesis, the ITO layer is deposited using the radio-
frequency (RF) magnetron sputtering facility named Zorro. RF magnetron sputtering is
a high-rate vacuum coating technique categorized under PVD. The fundamental mech-
anism is illustrated in Figure 3.3. In this process, the target or metal precursor to be
deposited is bombarded with energetic ions from an inert gas (such as Argon or He-
lium). The powerful collision of these high-energy ions with the target releases target
atoms into the vacuum. These metal atoms then deposit on the base material, forming
a layer. Water is used to cool down the target and prevent excessive heating.
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Transfer Arm \
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F— Shutter
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Figure 3.3 Sketch of RF magnetron sputtering system for TCO [46]

Leybold, another magnetron sputtering equipment, is used to deposit the rear-side
metal contact for titanium (Ti) and silver (Ag) without breaking the vacuum, as shown
in Figure 3.4. The supplier is Leybold Heraeus, and the PFG 2500 RF generator is
applied to create an electric field between four different targets and the substrate. Ti
and Ag are installed. The sputtering paprameters are listed in Table 3.3.
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Figure 3.4 The outlook of magnetron sputtering equipment Leybold

Table 3.3 sputtering parameters in Leybold

Materials Pressure Power Deposition rate
(mbar) (W) (nm/s)
Ag 3.2E-6 250 8.8
Ti 3.2E-6 100 1.7

3.2.4 Screen printing

Screen printing (SP) is a mature, simple, and low-cost method used for front/back met-
allization in the manufacture of solar cells. It has been widely adopted in the commer-
cial production of crystalline silicon solar cells due to its favorable characteristics. The
process of screen printing is depicted in Figure 3.5.
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Figure 3.5 Schematic representation of screen-printing process [47]

The silicon wafer is positioned between the screen and the bottom plate, and metal
paste is applied. As the self-motion of printing initiates, pressure is applied to the
squeegee, causing it to move at a specified speed across the screen. During this pro-
cess, the paste is forced through the mesh onto the silicon wafer, leaving a grid pattern
on the substrate.

The metal paste used in this project is produced from DuPont. After completing the
front pattern, it is crucial for SHJ solar cells to undergo a 30-second bake in a 170°C
furnace. Subsequently, the back side screen printing is carried out. Following the for-
mation of patterns on both sides, the SHJ cells must undergo baking at 170°C for 30
minutes, including an annealing process.

3.2.5 Photolithography

Photolithography, also known as optical lithography, is a technology employed for cre-
ating patterned features on a substrate. This process is particularly effective for achiev-
ing high precision printed patterns. Key components of the photolithography proce-
dure include the light source, photoresist, and photomask. Typically, ultraviolet (UV)
light serves as the light source, exposing the wafer through a patterned mask.

Photolithography follows a process outlined in Figure 3.6. Photoresist (PR) is a light-
sensitive material applied to the surface of the prepared substrate using a spinner.
Photoresists come in various types, with classification into positive and negative PR
based on their chemical reaction mechanism and development principle. Positive
photoresist becomes insoluble in the developer after exposure to light through the
photomask. The chemical structure changes in a way that makes it resistant to
dissolution when the substrate is immersed in the development solution. Before the
PR spinning step, a seed layer of Ag with a thickness of 100nm, deposited by Leybold
as mentioned in 3.2.3, is required.
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Figure 3.6 The flow chart of photolithography [48]

3.2.6 Copper plating

Seen from the operational principle, copper plating is another metallization method
that deposits Cu metal on the surface of a solar cell, relying on the electrolytic method
to collect charge carriers generated by PV effects. In comparison with screen printing,
copper electroplating technology reduces the consumption of silver. This not only cuts
down costs but also further improves the efficiency of solar cells. Figure 3.7 illustrates
the setup of a copper plating cell, where copper functions as the anode, and a copper
sulfate (CuSOa) solution serves as a source of copper ions. When the wafer is com-
pletely submerged in the bath under a supply current, copper irons will migrate and
appear on the region of wafer with a preexisting metal seed layer. In this case, we can

realize copper plated fingers on SHJ solar cells.
-+

el

Cathode Anode
Me
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Figure 3.7 Image of electrolytic plating cell [49]

3.3 Characterization techniques

3.3.1 Spectroscopic Ellipsometry

Spectroscopic Ellipsometry (SE) is a characterization technique for PV thin-film mate-
rial properties, offering contactless and non-destructive thickness measurement. With
SE, sub-nanometer thickness can be measured rapidly in less than 1 second, allowing
for the investigation of thin layer uniformity.

In our lab, the M-2000 Ellipsometer with auto-angle is employed to measure ultra-thin
layer thickness and optical constants. The optical constants include two parameters,
namely, refractive index (n) and extinction coefficient (k). n describes how light prop-
agates through the medium, while k indicates the substance's ability to absorb light.

The M-2000 Ellipsometer comprises a light source, polarizer, analyzer, detector, and
sample stage, as illustrated in Figure 3.8. This ellipsometer, developed by J.A. Woollam
company [50], achieves a combination of high speed, accuracy, and precision. The ac-
companying software, CompleteEASE, is used with the M-2000 Ellipsometer for auto-
mated ellipsometry measurements.

\ \
Source Polarizer Analyzer Detector

Light source Detector

Polarizer Analyzer

Sample

Figure 3.8 M-2000 Ellipsometer with auto-angle front elevation [50], [51]
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3.3.2 Reflectance and Transmittance

The reflectance and transmittance are measured using the integrating sphere (IR) in
conjunction with the PerkinElmer Lambda 1050+ UV/Vis/NIR Spectrophotometer. This
spectrophotometer is specifically designed for the high-performance analysis of solar
cells, featuring faster scan rates. A snap-in reflectance sphere with a diameter of
100mm is integrated into the spectrophotometer to capture both diffuse and specular
reflectance [52].

Diffused Light Sample

Incident Light ) . Sample
ncident Hg Incident Light
Diffused Light
Detector . . Detector
Reflection Measurement Transmission Measurement

Figure 3.9 Total diffuse reflectance and transmission measurements by IR [53]

3.3.3 Minority Carrier Lifetime Tester

The minority carrier lifetime is contingent on the recombination rate, which is influ-
enced by the concentration of minority carriers. Consequently, minority carrier life-
time serves as a crucial metric for evaluating solar cells.

The concentration of carriers maintains a dynamic equilibrium. When the number of
minority carriers increases due to incident sunlight, the excess minority carriers un-
dergo decay back to the equilibrium carrier concentration through the recombination
process.

The recombination rate is intricately linked to the number of excess minority carriers.
Two fundamental parameters integral to the recombination rate are minority carrier
lifetime and diffusion length.

The minority carrier lifetime (t» or tp) of @ material denotes the average time carriers
can persist in an excited state before recombination occurs following electron-hole
generation. Silicon wafers with longer lifetimes suggest that minority carriers gener-
ated in the bulk of the wafer by light will endure for an extended period before recom-
bination. Solar cells crafted from wafers with higher minority carrier lifetimes are more

likely to exhibit high efficiency compared to cells with shorter lifetimes. Therefore,
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monitoring lifetime is paramount after each step in the solar cell manufacturing pro-
cess.

In our lab, a Minority Carrier Lifetime Tester, specifically the Sinton WCT-120, is utilized
for photoconductance measurement [20]. The diagram above Figure 3.10 given the
introduction of Sinton WCT-120 minority carrier lifetime tester. Three parameters can
be derived from the test result, which includes implied Vo (i-Voc), implied fill factor (i-
FF) and lifetime (1) etc.
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Figure 3.10 Sketch of minority carrier lifetime tester Sinton WCT-120 [54]

3.3.4 Contact resistivity

The transport properties of the electron contact stack are evaluated through the meas-
urement of contact resistivity (o). The sample is applied to pc measurements is differ-
ent from the solar cell. The symmetric layer structure of contact resistivity sample in-
volved in this project are drawn in Figure 3.11.

n-type FZ c-Si

Figure 3.11 Sketchmatic structure of contact resistivity sample
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3.3.5 Current-Voltage Measurements

The current-voltage measurement (/-V measurement) yields a characteristic /I-V curve,
providing detailed information and parameters about solar cell conversion efficiency
and performance. These external parameters include open circuit voltage (Voc), short
circuit current density (Jsc), fill factor (FF), and peak power (Pmax). The most critical pa-
rameter for evaluating solar cells is the conversion efficiency (n), which depends on
the other parameters. The J-V curve follows the same principle. The J-V curve is ob-
tained by continuously varying the bias voltage applied to a solar device under simu-
lated sunlight irradiation and measuring current density. The line chart in Figure 3.12
provides a visualization of each parameter, explained in detail below.
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Figure 3.12 A typical I-V cure of a solar cell [55]

Voc refers to the maximum voltage that can be measured in a solar cell at zero current.
An equation for V, is given in Equation 3.1 [56],

V. = nTlen (I;’_0h+ 1) or V,, = %ln (]]L:#— 1) Equation 3.1

In which, Jon is the photogenerated current density with small variation. Jo is the satu-
ration current density which is determined by recombination loss. Hence, recombina-
tion or saturation current density plays a major role in Vqc.

Isc is the largest current drawn from a solar cell and located at the intersection point of
the -V curve and the vertical axis. Isc is equal to photogenerated current (/pn) in ideal
condition. In order to facilitate the comparison of solar cells with different effective
area, short circuit current density Jsc in mA/cm? took the place of /s.

FF can be represented by the ration of the green and blue areas in the Figure 3.12. The
formula is as Equation 3.2,
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FF = Pmax _ ImppVmpp _ JmppVmpp

Pin IscVoc JscVoc

Equation 3.2

n is calculated from the ratio of maximum power and incident power. At the standard
test condition, in = 1000W/m?, thus

Pmax — JmppVmpp — JscVocFF

n= Equation 3.3

lin lin lin

The Wacom solar simulator is capable of calculating the solar cell efficiency under 1-
Sun illumination in standard test conditions (STC). The unified STC is developed to ob-
tain reliable and comparable results, representing 1000 W/m? total irradiance on the
solar cell with AM1.5 spectrum under constant 25°C conditions. The Wacom solar sim-
ulator uses two lamps (halogen and xenon) to create sunlight-resembling illumination.

3.3.6 External Quantum Efficiency

Quantum efficiency (QE) commonly referred as spectral responsivity (SR) or incident
photon-electron conversion efficiency (IPCE) [57].

The relationship of QE and SR is illustrated by the following formula,

SR = %QE Equation 3.4

Herein, g is the elementary charge (g = e = 1.60217634x10*° coulombs [58]), h is
Plank’s constant (h = 6.626069x10734 Js)

QE is an important parameter to characterize the photoelectric conversion ability of
PV devices, which is used to describe the relationship between the number of photo-
generated electrons and incident photons. The QE may be divided into two main cat-
egories. The internal quantum efficiency (IQE) can be defined as the fraction of charge
carriers collected by the cell over the number of photons absorbed. The External
Quantum Efficiency (EQE) is the ratio of the number electron-hole pairs collected in
the solar cell to the number of photons from the light source. The EQE is then deter-
mined as

Ipn(2)
q¥ph,2

EQE(A) = Equation 3.5

Where I,n is photogenerated current, and pha is the spectral photon flow incident on
the solar cell. The values of EQE are a result of a multiple factors, including optical loss
(parasitic absorption) and electrical loss (recombination losses).
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Figure 3.13 Working diagram of EQE
The measurement theory diagram of EQE is shown in the Figure 3.13. When

measuring EQE, the calibrated photodetector with known EQE is used from 300
to 1200nm. By means of photodetector, the spectral photon flow incident could

be got as
Iref(/.{) .
Yona = (wé’g—% Equation 3.6
Then, the EQE(A) is derived as
EQE(A) = EQE" (1)) Equation 3.7

T
That means the measurement of EQE could be carried out from two current

measurements by Ampere meter.
Another parameter value is also computed as

Jse = —q f;;l EQE (1) d);f‘%){'sdl Equation 3.8

With the spectral photon flux ¢pnp
3-3.7 SunS'Voc

In Suns-Voc measurement, the probes are directly contact with the busbar at the front
of solar cells and metallization layer. As the result, the illumination-Voc curve can be
measured out. The Suns-V,. MX stage from Sinton (product drawing as shown in Figure
3.14) is established in ESP lab.
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Figure 3.14 The Suns-V,. MX stage from Sinton [59]

The parameters reported for Suns-V,c measurements comprise pseudo-efficiency
(pEff.) and Pseudo-fill-factor (pFF). The difference between pFF and FF reflects the
electrical loss.
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4. Integration of dopant-free materials as electron transport layer

in SHJ solar cells

4.1 Raw materials

Lithium fluoride (LiF), an alkali halide characterized by a wide band gap of 13.6eV [60],
stands as an inorganic compound renowned for its utility in optical and electronic de-
vices. Its distinguished attributes include commendable conductivity, a high refractive
index, and superior transmittance [61]. Meanwhile, magnesium fluoride (MgF«), boast-
ing a substantial band gap of 10.8eV and a refractive index of 1.38 at 550nm [62],
shares a similar prowess in optical applications. Similarly, strontium fluoride, pos-
sessing a wide band gap of 9.73eV [63], showcases exceptional optical characteristics,
including a low refractive index and heightened transmission within the infrared and
ultraviolet spectral ranges.

The detailed specifications of these three metal fluorides are summarized in Table 4.1.
These materials, characterized by their wide band gaps, exhibit promising potential in
manufacturing non-toxic and dopant-free electron transport layers for SHJ cells. The
thermal evaporation process for all metal fluorides occurred under a pressure of 5 x
10°® mbar, with a rotation rate of 10rmp. Achieving a uniformly distributed electron
transport layer necessitated a deliberately slow deposition rate of 0.03 nm/s.

Table 4.1 Provenance and purity of materials used in this study

Material Supplier Metallic purity Melting point [°C]
LiF Sigma-Aldrich 99.995% 845
MgFy Umicore 99.99% 1261
SrFx Sigma-Aldrich 99.9% >1400 [64]

4.2 Fabrication

Figure 4.1 is the flow chart of cell fabrication. Each fabrication step is discussed in a
specific chapter as illustrated in the flow chart.
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Figure 4.1 Flow chart of cell fabrication

4.3 Optimization of LiF-based dopant-free SHJ solar cells

4.3.1 Plasma treatments

Why plasma treatment?

Different treatments at the (i)a-Si:H/LiF interface are investigated to understand the
effects of plasma treatments on LiF properties. Four distinct scenarios are explored
subsequent to the deposition of identical (/)a-Si:H on the cell.

The primary focus is to evaluate the influence of interface treatments on cell perfor-
mance. Specifically, a consistent 1nm LiF layer is maintained on the rear side while
varying interface treatments are applied to the LiF/(i)a-Si:H interface. The lifetime of
cell precursors is quantified using Sinton measurements after PECVD. The measured
lifetime, represented in Figure 4.2, serves as an indicator for assessing the passivation
quality of the precursors, as detailed discussed in Section 3.3.3.

Figure 4.2 illustrates the lifetime variations among different treatments. The PTP sam-
ples exhibit a fluctuating lifetime range spanning from 8ms to 14ms, with the highest
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recorded value reaching 14ms, representing the best passivation among these inter-
face treatments. Conversely, the noPT samples demonstrate a slightly lower lifetime in
comparison to the PTP samples. Notably, the highest lifetime achieved by the PT sam-
ples at the same level compared with noPT treatments. This suggests that PT treat-
ments have the potential to achieve a passivation quality as noPT samples. However,
the PTB samples exhibit the lowest recorded lifetime among all treatments. The differ-
ence can be attributed to the presence of borane gas during the treatment process.
According to prior research, the inclusion of borane gas has negative effect for the
passivation quality of (i)a-Si:H [20].

14}

[E
N
T

=

[y
o
T

Lifetime [ms]

ESN (o)} (o]
T

PTP PT  noPT  PTB

Figure 4.2 Lifetime of precursors after different interface treatment

Subsequently, we fabricated solar cells with the cell precursors. The extracted data of
J-V measurement data as shown in Figure 4.3, encompassing plots for PTP, PT, and
noPT samples. Notably, the J-V curve for PTB samples demonstrates an S-shaped prop-
erty, characterized by a lower FF, likely due to the introduction of a thin p-type layer
during PTB treatment. Analysis of the J-V curves reveals distinct trends among treat-
ments. Cells treated with PTP exhibit the highest Vi values, while both PT and noPT
samples show comparable Vo levels. This observed Vo trend aligns closely with the
lifetimes of the cell precursors. It emphasizes the relationship between surface pas-
sivation and Vo, with PTP treated cells showing superior surface passivation compared
to PT and noPT treatments. Moreover, the Jsc values further highlight treatment differ-
ences. PTP samples demonstrate higher Jsc values than PT and noPT samples, at-
tributed to the higher EQE observed beyond 800nm, as depicted in Figure 4.4. The
introduction of a specific layer on the rear side might influence the response to longer
wavelengths, contributing to the increased Jsc observed in PTP-treated cells.

The FF across these treatments remains relatively similar. Consequently, the efficiency
of solar cells is predominantly influenced by Voc and Js, resulting in higher efficiency in
PTP treated cells among all treatments. Given the superior performance of PTP treat-
ment, subsequent investigations studied on the impact of thickness variation on cell
performance.
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is PTP. We proceeded to deposit varying thicknesses of LiF, ranging from 0 to 5nm.
Onm-LiF means the reference cell. The data extracted from this study is illustrated in

Figure 4.5.
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Figure 4.5 External parameters of SHJ solar cells with different thickness of LiF. In the
range of 1 to 4 nm, all four parameters of LiF exhibit values higher than those of the
reference cell. Additionally, the J-V curve of both the reference sample and the 5nm-
LiF display an S-shape. Upon varying LiF thickness, we observed a consistent trend: the
Voc of cells generally decreases as the LiF thickness increases, with one exception ob-
served at 5nm, where there is a slight increase from 400mV to 450mV. However, the
overall lower Vo levels could potentially be attributed to screen printing techniques.

Correspondingly, the Jsc decreases with the increasing thickness of LiF. Although LiF is
transparent within the visual light range, thicker LiF layers tend to induce higher para-
sitic absorption within the LiF layer itself. This absorption negatively impacts the Js. It
is clear that both the FF and Jsc exhibit a similar decreasing trend. This phenomenon is
linked to the introduction of higher contact resistivity associated with thicker LiF layers,
as explained in prior research [13]. An interesting thing within the Jsc of 5nm samples
performed fluctuation. This behavior might be correlated with the S-shaped J-V curve
observed in these samples. Specifically, when a device displays an S-shaped J-V curve,
the Jsc exhibits fluctuations, as illustrated in Figure 4.6 [65].
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The trend in FF is obvious. For 1nm thick sample, FF peaks at 76.65% but sharply de-
clines to 19.74% with increased LiF thickness. Efficiency serves as a comprehensive
measure of solar cell performance, heavily influenced by FF and Js.. Considering effi-
ciency, the data strongly suggests that a 1nm LiF thickness is optimal. The investigation
of contact resistivity within the LiF/Al interface on an n-type wafer reveals a notable
correlation with the choice of alkali metal fluoride, as detailed in James Bullock’s com-
prehensive study [66]. Within the nanoscale thickness range of 0.5-1.5nm, the LiF/Al
stuck producing the lowest contact resistivity values. However, the p. value exhibited
a progressive increment with increasing thickness of the LiF layer. 1nm thickness aligns
with higher FF, emphasizing its crucial role alongside Jsc in determining overall cell per-
formance.
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Figure 4.6 Standard J-V curve and S-shape J-V curve [65]

4.3.3 LiF-ITO deposition order

After optimizing the LiF thickness, our interest turned to investigating the influence of
the deposition sequence involving ITO and LiF. The ITO deposition process, involving
sputtering, might induce ion bombardment, impacting the surface condition of the
rear side [67]. In this experimental, we utilized a 1nm LiF layer combined with PTP as
the interface treatment. The extracted cell data is depicted in Figure 4.7, where the x-
axis labels indicate the deposition sequence of ITO and LiF following PECVD.

Specifically, "ITO-LiF" denotes ITO deposition on the plasma-treated sample followed
by LiF, while "LiF-ITO" represents the reverse deposition order. The LiF-ITO samples
exhibit higher Vi, Jsc, and FF, consequently resulting in superior efficiency. We consid-
ered that this enhancement is attributable to the protective role of LiF over (i)a-Si:H,
ensuring its properties during the deposition process involving ITO.
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Figure 4.7 External parameters of SHJ solar cells with different deposition order of LiF and ITO

4.3.4 Metallization

The choice of metal contact significantly impacts the electronic performance of solar
cells. We evaluated three rear side metallization contact combinations and visualized
their external parameters in Figure 4.8. Our approach involved employing two metal
layers for rear side contact. The x-axis in Figure 4.8 illustrates the upper metal deposi-
tion order, where "t-Al" signifies thermally evaporated Al and "e-Al" represents e-
beam evaporated Al, with respective thicknesses of 10nm and 500nm. Additionally, "t-
Ag" refers to thermally evaporated silver at a thickness of 500nm, while "s-Ti" and "s-
Ag" denote sputtering-evaporated 10nm-thick Ti and 500nm-thick Ag, respectively.

Initially, we adopted a metal contact resembling the structure of the virgin cell, utilizing
thermal evaporated Al in conjunction with e-beam deposited Al. The choice of Al
aimed to minimize the working function mismatch between LiF and Al [68]. The t-Al
was gently deposited first, potentially serving as a buffer layer to protect passivation
effects from ion bombardment. Subsequently, considering replacing the aggressive e-
beam Al [69], we explored thermal evaporated Ag. However, this process introduced
a potential drawback, where t-Al and t-Ag necessitated vacuum breaking, potentially
leading to the formation of a thin AlOx layer between them. As an alternative, we ex-
plored sputtering-evaporated Ti and Ag, completed in a single vacuum condition.

The external parameters, extracted from J-V measurements, are displayed in Figure
4.8. The samples utilizing e-Al exhibited lower Vo compared to the other two metal
contacts. However, the Jsc value of e-Al samples exceed other metal contacts, likely
attributable to the lower FF observed in this sample set. Lower FF samples consistently
exhibited unusually higher Jsc values. Meanwhile, the Jsc and FF values for t-Al/t-Ag and
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s-Ti/s-Ag samples appeared comparable, indicating that efficiency was primarily influ-
enced by the Vi trend in these cases.
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Figure 4.8 External parameters of SHJ solar cells with different back metal contact

Next, we turned our attention to the metallization process on the front side of the
solar cells. Specifically, we conducted a comparative analysis between samples utilizing
screen printing (SP) and copper plating (CP) as metallization methods, the results of
which are depicted in Figure 4.9.

The observed V.. differences between SP and CP samples can be attributed to the var-
ying passivation quality of the cell precursors. Notably, CP samples demonstrated
higher Jsc values, attributable to their well-controlled grid width, which was thinner
compared to SP samples. Copper-plated electrodes exhibit a significantly lower resis-
tivity, approximately 2—3 times less than printed silver electrodes, owing to their ab-
sence of voids in the structure [70]. Moreover, the width of Cu plate electrodes can be
reduced, much finer compared to the screen-printed Ag grids, thereby notably de-
creasing grid shading [71].

Interestingly, while SP and CP samples exhibited similar average FF, CP samples show
a capacity to achieve a higher FF, nearing 80%. As a consequence, the CP samples dis-
played higher efficiency compared to SP samples, emphasizing the significance of the
metallization process in influencing overall solar cell performance.
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Figure 4.9 External parameters of SHJ solar cells with different front side metal

Based on our prior investigations, several crucial conclusions can be drawn. Firstly, PTP
emerges as the optimal interface treatment for enhancing solar cell performance.
Moreover, our studies indicate that a 1nm thickness of LiF yields optimal cell efficiency.
Investigating the sequence of ITO and LiF deposition revealed superior cell perfor-
mance when LiF was deposited first.

Furthermore, our exploration into rear side metal contact stacks exposed that sput-
tered Ti/Ag combinations exhibited the best compatibility with LiF. On the front side,
employing copper plated fingers significantly improved overall efficiency.

In light of these discoveries, our future investigations will expand upon our findings
based on LiF, extending the study to encompass MgFx and SrFx materials. This expan-
sion aims to explore potential similarities and capitalize on the insights gained from
our research on LiF to further enhance solar cell performance.

4.4 Exploration of MgFx and SrF, as ETL materials

4.4.1 MgF, as ETL material

The optimal parameters are applied in MgFx SHJ solar cells to study the thickness in-
fluence on device performance. The external parameters as shown in Figure 4.10. The
four parameters of MgFy, ranging from 1 to 5 nm, consistently exhibit higher values
compared to those of the reference cell. The Vo demonstrated a gradual rise from 1
to 3nm, achieving a peak over 710mV. Subsequently, the 4nm MgFx layer maintained
a consistent Voc within the range of 690-710mV, same as 3nm layer. Interestingly, the
5nm MgFx layer exhibited the highest Vo, among these layers, even with a marginal
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increase compared to the 3nm layer. This enhancement is potentially attributed to the
effective passivation coming from the thicker MgFy layer.

In terms of Js, the curve depicted fluctuations within the range of 35.6 to 37.0 mA/cm?.
Simultaneously, the EQE measurement results illustrated in Figure 4.11 revealed sig-
nificant insights. The 3nm samples exhibited a relatively lower and narrower curve in
comparison to other samples, potentially due to issues encountered during the fabri-
cation process. Additionally, the conspicuous high point observed in the 2nm samples
correlates with lower FF values, a characteristic often associated with S-shaped J-V
curves in this context [65].

The FF of the 1nm MgF« layer showcased its peak, nearing 80%. In contrast, the FF
demonstrated a decrease with the increasing thickness for 2-4nm MgFy layers, as ob-
served [72] [73]. The FF of 2nm cells exhibited considerable dispersion, ranging from
57% to 75%. Additionally, a small increment in FF for the 5nm MgF layer is obvious
from Figure 4.10, indicating the potential for further investigation into the perfor-
mance of the 5nm MgF layer.

Yimiao conducted a study investigating the relationship between contact resistivity
and the thickness of MgF«. The research revealed that the minimum p. value, standing
at approximately 35 mQ-cm?, occurred at a thickness of 1nm for MgFx [74]. This con-
sistency reinforces the validity and significance of our research. Moreover, the effi-
ciency and FF displayed same trends across various thicknesses of MgFx. Considering
the combined influence of high FF and efficiency, the optimal thickness appears to be
the 1nm MgFy layer.
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Figure 4.11 EQE of SHJ solar cells with different MgFy thickness

4.4.2 SrF, as ETL material

The optimal parameters are implemented in SrFx SHJ solar cells to investigate how
thickness influences device performance, utilizing the external parameters illustrated
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in Figure 4.12. The V,c remains consistently high, around 710mV, for the 1-4nm SrFy
layers. However, the Vo of the 5nm samples exhibited fluctuations, possibly stemming
from variations in the layer deposition process. Non-uniformity in layer deposition
might have resulted in differing passivation quality across different areas of the wafer.
In terms of Js, the performance showcased a reverse V-shape trend, peaking at the
highest value with the 3nm layer.

Regarding FF, a slight increase is observed from 1nm to 2nm, followed by a decline at
3nm. However, the highest FF value is achieved at 4nm, decreasing again at 5nm. While
drawing definitive conclusions proves challenging, observations align with previous re-
search [75], [76], indicating that the optimal thickness might be 4nm. The overall trend
suggests that SrFy exhibits characteristics of thickness tolerance, implying that the per-
formance of SrFy -based SHJ solar cells is relatively insensitive to changes in SrFy thick-
ness [77].

Furthermore, a slightly increase in efficiency at 4nm compared to other thicknesses
leads us to conclude that the optimal thickness for SrFx might indeed be 4nm. This
alignment with previous findings, coupled with the efficiency trend, suggests the po-
tential superiority of the 4nm thickness in enhancing overall cell performance.
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5. Application of dopant-free materials on front/back of SHJ solar
cells

The primary objective of this study is to fabricate SHJ solar cells incorporating dopant-
free HTL and ETL on both the front and rear sides. Building upon our prior research,
we have amalgamated the optimal parameters identified for LiF, MgFx, and SrFx. On
the front side, we have utilized MoOy as the HTL, following the baseline from the PVMD
group, with PTB applied during the deposition of MoOy [20]. The optimal thickness
applied in the cells as shown in Table 5.1. The cell structure is depicted in Figure 5.1.

On the rear side, PTP is applied during the deposition of LiF, MgFy, and SrFy, with the
specific parameters outlined in the provided table. The extracted external parameters
are presented in Figure 5.3, with each box containing data from 12 cells. For this phase
of the work, we have selected comparable cell precursors with similar levels of lifetime.
Notably, in terms of Vo, MgFy yields the highest value, followed by SrFx and LiF.

The light response of these cells demonstrates similarity, achieving approximately 38
mA/cm? in Js.. This Js result correlates with the EQE findings as shown in Figure 5.2.
LiF and MgF cells can attain FF above 74%, whereas SrFx only reaches 72%. In conclu-
sion, MgFy provides the highest efficiency, followed by LiF and SrF.

Table 5.1 Thickness of HTL and ETL

Material Function Thickness (nm)
MoOx HTL 1.7
LiF ETL 1
MgFx ETL
SrFy ETL 4
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Figure 5.1 The cell structure of dopant-free SHJ solar cell

Figure 5.2 EQE of dopant-free SHJ solar cell

715

710
< 7051
E

700 -

VO C

695 4

690 4

78

761

74+

721

FF [%]

70 -

68 -

66 -

64

LiF

MgF

X

SrF

X

LiF

MgF

X

SrF

X

39
38
37
36
35

w
g

Jo. [mA/cm?]

33
32
31
21

20

19

18

17

16

15

n [%]

Figure 5.3 External parameters of dopant-free SHJ solar cell integrated of MoOy on the front and LiF,

MgFy, SrFy on the rear side

40



6. Conclusion and outlooks

6.1 Conclusion

The dopant-free SHJ without the doping gases involved in the manufacture process.
The CSC as one type of charge carriers selective contact have been paid a large amount
attention. The ETL and HTL are worked depending on the materials work function and
the deposition method.

The journey into exploring dopant-free materials, specifically to LiF, MgFx and SrF,,
within SHJ solar cells has been a detailed exploration of materials, interfaces, and their
impact on solar cell performance.

Our investigation into different plasma treatments on the LiF/(/)a-Si:H interface has
revealed fascinating insights into the performance of SHJ solar cells. We observed that
the PTP treatment, involving a highly hydrogen-diluted gas mixture of SiHs, H,, and PHs,
provided the highest lifetime among the studied treatments. This indicated superior
passivation quality, which is a key factor for efficient solar cells.

Subsequent fabrication of solar cells with different interface treatments demonstrated
that PTP-treated cells exhibited the highest Vo and efficiency. The performance was
attributed to better surface passivation, as evidenced by the higher lifetime of PTP
precursors. The thickness study further revealed that a 1nm LiF layer, in combination
with the optimal PTP treatment, maximized the cell efficiency.

Exploring the sequence of LiF and ITO deposition emphasized the importance of LiF
protection to (i/)a-Si:H. Cell precursors deposited with LiF first exhibited superior per-
formance, emphasizing the role of LiF in protecting the passivation effect from ion
bombardment during ITO sputtering process.

Metallization on the rear side introduced considerations for optimal performance.
Sputtered Ti/Ag emerged as the preferred combination, providing efficient electron
transport while maintaining compatibility with LiF. As for front side metallization meth-
ods, copper plating is better than screen printing. Thinner copper-plated fingers have
benefit on Jsc and FF, leading to higher efficiency.

Expanding our exploration to MgF, we systematically investigated the optimal thick-
ness of MgFx layers. The study revealed that a 1nm MgFy layer provided the highest FF,
indicating efficient charge transport, while maintaining a balance with overall cell effi-
ciency.

Extending our investigation to SrFy, the main research on determining the optimal
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thickness. The comprehensive study showed that a 4nm layer of SrF, yielded the high-
est efficiency. This particular thickness showcased a delicate equilibrium among key
factors including Vo, Jsc, and FF, underlining its potential superiority in enhancing solar
cell performance.

In the final stage of our study, we integrated the optimal parameters identified for LiF,
MgFy, and SrFyx into dopant-free SHJ solar cells. Utilizing MoOy as the HTL on the front
side and PTP as the interface treatment on the rear side, we systematically fabricated
cells with comparable lifetime levels.

Our findings indicated that MgF«-based dopant-free cells exhibited the highest effi-
ciency, closely followed by LiF-based cells, and then SrFs-based cells. This aligns with
the individual optimization studies for each material.

In conclusion, this thesis presents a comprehensive exploration of dopant-free mate-
rials, providing valuable insights into interface treatments, optimal thicknesses, and
the intricate interplay of materials in SHJ solar cells. The roadmap outlined by this re-
search not only advances our understanding of dopant-free technologies but also
paves the way for further innovations in the field of solar energy conversion.

6.2 Outlook and Future Directions

From characterization methods aspect, the integration of advanced characterization
techniques like X-ray photoelectron spectroscopy (XPS) and Transmission Electron Mi-
croscopy (TEM) could be used in the later research. Utilizing XPS could provide insights
into the stoichiometry of metal fluorides [78], while TEM could unravel the intricate
interface morphology between different plasma-treated surfaces and metal fluorides
[79]. These methods are aiming to enrich our understanding of material composition
and structure, contributing to enhanced solar cell development.

Consideration the current loss introduced at rear side, a mono-side textured wafers
could be employed [74]. The ETL and metal contact deposit on rear side with flat sur-
face might mitigate the parasitic absorption happened in thick metal layer. The path-
way could help us achieve higher efficiency.

Exploring the performance difference between n-type wafers and p-type wafers [80],
holds significant research value. Additionally, understanding how varying wafer thick-
nesses influence solar cell efficiency could provide crucial insights into optimization
strategies [81].
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Appendix

Al
The appearance of screen printing (SP) sample and copper plating (CP) sample.

Figure Al. The outlook of screen printing and copper plating cell

A2
The optical parameters of ETL materials are given in Table A2.

Table A2. The n,k values and transmittance of ETL from previous studies

Materials n k T (at 1nm thickness)
LiF 1.3921
MgF, 1.4220 0.00058239 0.99999
SrF; 1.4868 0.0070393 0.99985

*n value at wavelength of 583.6nm

A3

The surface distribution of the thin ETL layer is assessed using Spectroscopic Ellipsom-
etry (SE). Samples for uniform deposition are taken from the same batch of cell pre-
cursors. The thin layer is deposited onto Corning glass, divided into nine squares to
facilitate thickness measurements, as illustrated in Figure A3.
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|  Thermal evaporated layer
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Figure A3. The sketch of uniformity of ETL thin layer

50



A4
Champion cell with IWO

The champion cell within 1nm LiF is broken by accident. But considering from effi-
ciency point of view, 3nm LiF cell with other optimal parameters has the highest effi-
ciency with structure as given in Figure A4.
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Figure A4. The I-V curve and schematic of champion cell

A5
The contact resistivity of LiF, MgFx and SrFy are given in Figure A5.
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Figure A5. The contact resistivity of LiF, MgFx and SrFy
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A6
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Figure A6. The EQE of SHJ solar cells with different rear side metal contacts

A7
The difference between FF and pFF.

Table A7. The difference between FF and pFF

Sample FF PFF pFF - FF
[%] (%] [%]
M18572 77.49 85.70 821
M18614 77.93 80.8 2.87
M18616 75.17 85.3 10.13
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