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Abstract

Enhancing the reliability and longevity of solar modules is critical for expanding solar power to a multi-
terawatt scale target worldwide. A major problem in maintaining high efficiency is the recombination of the
photoexcited charge carriers at different interfaces. Within industrial silicon solar cells, there are three main
device architectures in actual use: passivated emitter and rear cell (PERC), tunnel oxide passivated contact
solar cells (TOPCon), and silicon heterojunction solar cells (SHJ). All these architectures suffer from different
instabilities of efficiencies under prolonged illumination. This work investigates the mechanisms involved in
interface-related degradation in these three architectures, specifically associated with hydrogen in silicon,

especially considering the effects of surface electric fields.

Through the current-voltage measurement for the PERC and TOPCon cells during bias annealing, | have
shown the first bias-controlled hydrogen-induced contact resistance change in TOPCon cells. | demonstrate

that the degradation occurs purely at the n-type Si / Ag interface on both cell architectures.

Through the application of the surface electric fields on TOPCon and SHJ lifetime specimens during light
soaking, | show that light-induced instabilities can be varied by the polarity and strength of the surface
polarisation on the dielectric layer. Here, | demonstrate that the charged hydrogen ions, which respond readily
to electric fields, are responsible for these observed instabilities. In addition, three mechanistic models are

proposed to explain the hydrogen dynamics in these advanced solar cell architectures with surface polarisation.

This work contributes to the body of evidence aimed at understanding hydrogen kinetics at different
interfaces and providing valuable insights into the mechanisms behind these light-induced instabilities of these
architectures. Besides that, applying surface electric fields via the corona charge or direct bias shows a potential

method for detecting and controlling the kinetics of hydrogen in actual PV systems.
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RIE
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Back surface field

crystalline silicon
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fill factor
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Hydrogen induced contact resistance

Current-voltage

Kelvin Probe

Light induced degradation

Light and elevated temperature degradation
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Chapter 1 Introduction

1.1 The Demand for Global Renewable Energy

The growth of population and the development of technology have led to the great energy demand for
human beings. The world population is predicted to increase to 9.8 billion in 2050 and 11.2 billion in 2100 [1].
With the increase in population, world energy consumption will increase 48% from 2012 to 2040 [2].
According to the Statistical Review of World Energy 2023 report by the Energy Institute [3], fossil fuels remain
the main energy source, with oil, coal and natural gas contributing 31.57%, 23.49% and 26.73%, respectively,
of the total consumption in 2022, due to their low cost and mature technology. The extraction and use of fossil
fuels will cause significant damage to the natural environment, such as ecosystem damage and groundwater
contamination [4, 5]. The energy reserve for these fossil fuels is limited and these resources would run out in
about 100 years [6]. Additionally, the emission of CO, and CH,4 from fossil fuel usage will exacerbate the
greenhouse effect and thermal pollution [7]. One way to solve these problems is to conduct a global energy
transition from fossil fuels to sustainable energy. As shown in Figure 1, nuclear energy, hydroelectricity and
renewable energy share the rest of the global primary energy consumption market. Nuclear energy shows great
potential, but it needs stringent control in the actual use and disposal of radioactive waste. Hydroelectricity is
geographically restricted. Among all the renewable energy sources, solar energy has no risk of depletion. It is
environmentally friendly and thus shows great potential to meet the needs of humans in the future. Besides
that, it has good potential for aerospace applications and mature production processes. It is highly plausible

that solar energy will become the dominant sustainable energy supply source in the future.

Development of Global Energy Consumption market share
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Figure 1. Development of world energy consumption based on Energy Institute data [3].
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1.2 Photovoltaic Technology

Since the birth of the first practical silicon solar cells in 1954, photovoltaic cell technology has gone
through enormous development [8]. The single junction solar cells can be divided into three types: Crystalline
silicon cells, Thin-film technologies and Emerging photovoltaic. The first type is based on silicon, and the
main application is the centralised photovoltaic power stations. Figure 2 shows the development of the
crystalline silicon solar based on the record efficiencies achieved in lab-scale devices. The silicon technology
is the most mature and currently dominates the market. The details of this kind of cell will be discussed in the
following chapter. The second type Thin-film technologies use compound semiconductors (such as CdTe and
CulnGaSe) to form the junction part. Compared with silicon solar cell, thin film solar cell can tolerate a higher
defect density than Si-based [9]. However, in practical applications, the photoelectric conversion efficiency is
lower than that of crystalline silicon, and their cost is expensive relative to Si. The use of rare earth elements
and toxic materials to form the junction leads to high costs and environmental pollution. Although it has a
better tolerance for defects, the fundamental material limits it for large-scale application [10]. The development
of better and cheaper solar technology has progressed to the exploitation of Emerging photovoltaic, which
introduces organic semiconductors and nanotechnology into fabrication techniques to reduce the cost.
Perovskite solar cells were discovered in this wave of innovation and demonstrated a rapid increase in energy
conversion efficiency, rising from 3.8% in 2009 [11] to 26.41% in 2024 [12]. Perovskite solar cells have the
advantages of fast efficiency improvement, low cost, and material designability. However, the stability of
Perovskite cells is poor, and this cell can quickly decompose under humid and light conditions, which would
reduce the efficiency of the device [13, 14]. Currently, the stability level of max power point for perovskite
solar cells is generally several thousand hours. In contrast, the service life of crystalline silicon solar cells is
20 to 25 years [15, 16]. Silicon solar cell is the best choice for meeting the actual demand for the energy in the
future. Although lots of work have been focused on development of high efficiency crystalline silicon solar
cells with different structures [17, 18], the degradation in these architectures is the factor affecting the service
life of the solar cells in actual use. Therefore, studying the mechanism of degradation in these architectures is

important to keep cells with high efficiency in long time use.
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Figure 2. Development of best research Crystalline Si solar cells efficiency on NREL data [18].

1.3 Hydrogen in silicon solar cells

Although many potential materials can absorb sunlight in a solar cell, the photovoltaics market is entirely
dominated by silicon. Thus far, silicon solar cells are the only proven technology to facilitate large-scale
production (> 100 GW / year) at low cost [19, 20]. Within industrial silicon solar cells, there are three main
device architectures: passivated emitter and rear cell (PERC), tunnel oxide passivated contact (TOPCon) solar
cells, and silicon heterojunction (SHJ). In 2023, these architectures represented 70%, 15% and 7% of the total
market, respectively [21]. Common to all structures is the incorporation of atomic hydrogen for passivating
defects. In PERC and TOPCon structures, hydrogen is incorporated by depositing hydrogen-containing
dielectrics, such as SiNx or AlOx, and firing at high temperatures [22-24]. Following firing, hydrogen moves
from the dielectric to passivate defects either at the crystalline silicon surface or inside the bulk silicon material.
In SHJ cells, hydrogen is incorporated by hydrogenated amorphous silicon layers, cured at temperatures <
300 °C [25, 26] . Although hydrogen is critical for passivating defects, it can also cause undesirable

recombination [27].

The three aforementioned silicon cell structures display different characteristics under the influence of

illumination and elevated temperature. Hydrogen is believed to play a critical role in all three. In the PERC
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structure, high-temperature illumination induces a bulk degradation effect called light and elevated
temperature degradation (LeTID) [28]. Although the exact mechanism causing this degradation is not fully
understood, mounting evidence suggests that the recombination is caused by an excess of hydrogen in the

silicon bulk [29, 30].

Under similar illumination and elevated temperature conditions, several reports have demonstrated
deterioration in the surface passivation of lifetime structures using the TOPCon architecture. TOPCon cells
include a thin tunnelling SiOx deposited on top of the Si absorber, which is then capped by an n+ doped poly-
Si serving as the electron collector, and a SiNx layer used both for hydrogenation and antireflection. This
degradation, unlike the LeTID bulk defects, manifests as a surface degradation [31-33]. Mounting evidence
has suggested that this degradation correlates with an accumulation of hydrogen at or near the interface with

the c-Si [34].

In the third leading cell architecture, SHJ, exposure to extended illumination can cause an increase in
efficiency [35-37]. Rather than surface or bulk degradation, the carrier generation from illumination can lead
to improved surface passivation [38], which leads to an increase in cell Voc. The current hypothesis to explain
this phenomenon is a migration of hydrogen ions in the a-Si to the interface to passivate defects. Therefore,
the movement of hydrogen at or near the surface, as well as into the bulk, can lead to light-induced instabilities
in all these three main industrial silicon cell architectures. Although mounting evidence can infer the
involvement of hydrogen, in all three cases, there remains ambiguity about the exact nature of hydrogen

involvement and the underlying mechanisms.

1.4 Aim of this thesis

This thesis aims to study the involvement of hydrogen in various light-induced instability modes in silicon
solar cells by applying surface electric fields. Specifically, | have studied this phenomenon in three distinct

components critical to the operation of silicon cell architectures:

1. Contact resistance changes in PERC and TOPCon solar cells.
2. Surface-related degradation in TOPCon lifetime structures.

3. Light-induced enhancements in SHJ lifetime structures.
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In all cases, degradation is studied in the presence of a surface electric field, either induced by an applied
bias in a cell architecture or surface corona charge in a lifetime structure. The applied field helps gain insights

into the involvement of hydrogen ions in the aforementioned degradation modes.

1.5 Structure of this thesis

The structure of this thesis is as follows. Chapter 2 provides an overview of the commercial silicon solar
cells and interface-related degradation observed in PERC, TOPCon and SHJ architectures. Chapter 3 describes
the experiment methods used in the project, including the procedures for the sample preparation and
characterisation method employed. Chapter 4 demonstrates that hydrogen induced contact resistance (HICR)
changes are observed in both PERC and TOPCon solar cells linked to hydrogen dynamics at the interface.
Through the modification of the PERC cell, a new current measurement pathway is created to isolate the impact
of the contact resistance change from the different cell components during bias annealing. HICR in both PERC
and TOPCon solar cells is attributed to increased contact resistance between the Ag contact and the n-type
silicon. Furthermore, a comprehensive model of the kinetics of hydrogen in PERC cells with applied bias is
presented here. Chapter 5 demonstrates the impact of surface polarisation, induced by corona charging, on the
firing-induced surface-related degradation (SRD) of thin oxide / n+ doped poly-Si passivating schemes. The
electric field at the surface during light soaking can accelerate the deterioration seen in the surface passivation
of fired samples, most likely through the migration of hydrogen ions. Chapter 6 proposes a new approach to
studying the role of hydrogen in light-soaking enhancement in SHJ cells. Applying surface electric fields via
the corona charge method can provide insights into the role of hydrogen in the observed light soaking
enhancement. Chapter 7 draws conclusions from all previous chapters and suggests future works to deepen

and exploit the understanding provided by this work.
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Chapter 2 Literature Review

Degradation in silicon solar cells has been long evidenced in industrial and research settings. Studying
the mechanism behind these degradations is essential to maintain cell efficiency and thus boost the deployment
of solar energy. This chapter provides an overview of the commercial silicon-based solar cells and interface-
related instabilities observed in industrial solar cell architectures. It also provides background information

about the involvement of hydrogen in these degradation modes.

2.1 Silicon solar cell working principles

The working principle underpinning all silicon cell architectures is the photovoltaic effect. Figure 3 shows
the schematic of the structure and band diagram of the silicon solar cell under illumination. When photons
with energy larger than the silicon band gap (1.12 eV at 300K [39]) are absorbed, electrons are excited from
the valance band to the conduction band and leave a positively charged counterpart (hole) in the valence band,
forming an electron-hole pair. This process is called generation. The mobile excited electrons and the generated
holes will generate the current inside the cell. However, without the presence of a driving force, the generated
electrons and holes diffuse randomly inside the cell and can recombine before they can be extracted.
Recombination refers to the opposite process than generation, where energy is lost due to the electron giving
their gained energy to another process (heat or light). The recombination of electrons and holes hence reduces
the solar cell energy conversion efficiency. To output power requires the generated electrons and holes to be
separated and collected at metal contacts, which is achieved through the p-n junction in silicon cells. N-type
silicon is doped with elements with 5 valence electrons, such as phosphorus, to introduce excess free electrons
at room temperature, while p-type silicon is doped with elements with 3 valence electrons, such as boron or
gallium, to introduce excess free holes at room temperature. When the two types of silicon are contacted
together, a p-n junction is formed. Due to the doping concentration gradient at the junction, a built-in voltage
is formed and stops the majority carriers from crossing and allows the collection of minority carriers instead.

The photo-generated minority carrier will drift across the p-n junction and get extracted to the external circuit.
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Figure 3. Schematic of structure and energy band diagram of silicon solar cell under illumination, including the
generation and migration of electrons and holes across the junction.

2.2 Carrier recombination in silicon solar cells

Recombination describes the process in which electrons lose energy. When Si is under equilibrium
conditions, without any injection of carriers, the generation rate G is equal to the recombination of carrier rate

R, so the net recombination rate (U):
U=R-G=0 (2.1)

At thermal equilibrium conditions the product of the concentration of the holes and electrons is equal to

the square of the intrinsic carrier concentration n; .

NoPo = N;° (2.2)
Where n; is a fundament property describing the number of electrons in the conduction band of the

undoped silicon. The equilibrium concentration of the electrons and holes are ng and po respectively. In doped

silicon the concentration of the dopants exceeds ni, and the carrier concentration is calculated as:

Tliz

ng=Np, po= e (n — type silicon) (2.3a)
2
Po=Ny, nyg= r;—lo (p — type silicon) (2.3b)

where Np is the donor dopant concentration and Na is the acceptor dopant concentration.

When photons with sufficient energy impinge onto the silicon, G # R and excess carriers are generated.

The total electron (n) and hole concentration (p) are:
n=nyg+An, p=py+A4Ap (2.4)
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where An and Ap indicate the concentration of the excess generated electrons and holes respectively. The
electron and hole are generated as a pair at the same time through the injected photon, so An = Ap. Once there
is no extra energy to excite the electrons, excess carriers are in the metastable state and will diffuse and
recombine again. The average time for the existence of these carriers is termed the carrier lifetime (t) and

calculated as:

Ap An
Tn—type = 75 To—type = 71 (2:5)

The carrier lifetime is used to evaluate the net recombination, and it is related to the average distance

travelled before the recombination as:
L=+Dr (2.6)

where L is the minority carrier diffusion length and D is the minority carrier diffusion coefficient. To
achieve high-efficiency solar cells, it is essential to maximise the diffusion length. The recombination
mechanisms can occur in different parts of the cell. The effective lifetime can be calculated from both the bulk
and surface components in a solar cell. Thus the effective lifetime (teff) is given by:

1 1 1

= + (2.7)

Teff Thulk Tsurface

where Thuik and Tsurtace are the lifetime dependence only on the bulk and surface as discussed in following

sections.

2.2.1 Bulk Recombination

Bulk recombination can be intrinsic, which is a process independent of extrinsic material properties, and
it includes Auger and Radiative recombination. It can also be an extrinsic process caused by the impurities or
defects inside the crystal structure, defined by the Shockley-Read-Hall (SRH) recombination [40]. The total
bulk lifetime is the sum of these three independent rates and can be expressed as:

1 1 1 1

= + + (2.8)

Thuik Trad TAug TSRH

Figure 4 shows the schematic of these three types of bulk recombination and their mechanisms are

discussed in the following.
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Figure 4. Schematic of (a) Radiative, (b) Auger and (c) SRH recombination. Ec is the conduction band and Ev is the
valence band, while Er is the trap state. Blue circles represent the electrons, and the white circles represent the holes.

2.2.2 Radiative Recombination

Radiative recombination occurs when the electron from the conduction band directly meets a hole at the
valence band and the released energy is emitted as a photon. The net radiative recombination rate is given as

[41]:

Urag = Braa(np —n;?) (2.9)

Where B is the radiative recombination coefficient, which is carrier density-independent and specific
to the material. The minority carrier radiative lifetime is given as:

1 1
= (2.10)
Trad Brad (no + Po + Ap)

Radiative recombination dominates in the direct band gap materials, but is of less importance in the
indirect bandgap materials such as silicon [41]. In indirect band gap silicon, the electron needs the participation
of a phonon to transform its momentum to the maximum of the valence band state, due to the difference in k-
space. Due to the low radiative efficiency in silicon caused by the indirect gap, Auger recombination dominates

the intrinsic recombination process, and thus has a greater impact on the practical limits of silicon.

2.2.3 Auger Recombination

Auger recombination is a three-particle process which includes the collision between the two similar

carriers. When the electron at the conduction band combines with the hole in valence band, the released energy
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is transmitted to either an electron in the conduction band or the neighbouring hole in the valence band, instead
of generating a photon. The Auger recombination rate is proportional to the density of all three carriers. It can
be divided into two processes: an electron and two holes (ehh) and a hole and two electron (eeh) process. The

net Auger recombination rate is defined by the sum of these processes:

Unug = Cp(p* —nopo®) + C(n’p — 19°po) (2.11)

Where C, and C, are the Auger capture probability coefficient for eeh and ehh process, respectively. Due
to the strong dependence on the carrier density for the net Auger recombination rate, the Auger lifetime
decreases with the increase of the doping concentration. Thus, doping in silicon drastically impacts the rate of
Auger recombination. The coefficient C, and C, were originally considered as fixed value and calculated only
for the high injection and doping conditions [42]. However, it has been reported that the experimental Auger
lifetime is lower than the theoretical calculation [43]. Hangleiter and Hacker reported that the discrepancy
between the experimental and theory was caused by considering the coefficients C, and C, as the constant
value [44]. The Coulombic interactions between the charge carriers at low injection level was subsequently
introduced in the Auger model [44], and enhancement factors geen and genn Were added to account for the
probability of these three carriers at a given location for the low-level injection (LLI) condition. Therefore, the

net recombination rate was recalculated as:

Ugug,irt = JennCp(mp® — noPo?) + GeenCn(n®p — n9*po) (2.12)

Richter et al[45] proposed a combined Auger and Radiative lifetime model depending on the dopant and
injection level, which includes Altermatt’s parametrisation [46] of the enhancement factors for LLI. The Auger
lifetime is recalculated as:

Ap
(np — nyerr?)(2.5 X 10731 ggopng + 8.5 X 10732 goppng + 3 X 10729Ap0-92)

Taug = (2.13)

Where

Goen =1+ 13{1 — tanh [(N"O >0'66]} (2.14)

0,eeh

Genn =1+ 7.5{1 — tanh [(Np‘) >0'63H (2.15)

0,eeh
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Noeen =33 % 10Y7cm™ and Nyepp = 7 X 10Y7cm™3 (2.16)

Tim Niewelt [47] improved this model based on Coulomb-enhanced Auger recombination for all doping
and injecting conditions and the Auger lifetime is calculated as:

Ap
geehCeeh(nzp - nozpo) + gethehh(npz - nopoz)

(2.17)

Taug =

Where Ceen is 3.41 X 103cm®s? and Cenn is 1.17 x 10ecm®s [48].

2.2.4 Defect-Assisted Recombination

Defect-assisted recombination, also called Shockley-Read-Hall Recombination, is when a trap state
captures the mobile carriers in the band gap. These trap states are caused by the impurities, dislocations, and
vacancies during the material processing. The recombination rate of this process was first modelled by
Shockley and Read [40] and developed by Hall [49]. Based on the model, the net SRH recombination rate is
associated with the defect density (Ny), the capture cross section for electrons and holes (onp), and the energy
level of a specific recombination centre (E:). The capture cross section is defined as the area surrounding the

defect, where the carriers have a high probability of being captured. The net SRH recombination rate is:

U _ np — n;?
SRE ™ p+p, |, ntny
NiouVep -~ NeOpUn

(2.18)

Where v, is the thermal velocity of carriers and p, and n, are the SRH trap occupancy factors,

respectively.

ET—Efp

py = poe kBT (2.19)
Er—Ep

ny = nge k8T (2.20)

The SRH lifetime is:

Tpo(Mo + 11 + Ap) + 150 (Po + 01 + Ap)
Po + No + Ap

(2.21)

TSRH =

Where 1,0 and 7,, are lifetime parameters for holes and electrons, respectively:

1
Niopven

Tno (2.22)
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1

Tpg = ————
Ntapvth

po (2.23)

The presented model for SRH recombination assumes the defects only produce a single energy level trap
in the band gap. However, defects such as grain boundary could produce a range of traps at different energy

levels throughout the band gap [50-52].

2.2.5 Surface Recombination

The semiconductor surface is the termination surface of the lattice. A large number of defects are
introduced as the recombination centres for mobile carriers. These defects could be impurities deposited from
the external environment, unsaturated bonds (dangling bonds) and manufacturing process induced defects [22,
53, 54]. Therefore, the semiconductor surface is highly sensitive to external factors, which is the fundamental
reason why the performance of semiconductor devices is greatly affected by the surface. Dangling bonds at
the surface create states with varying energy levels throughout the band gap. The predominant recombination
mechanism at the surface is still defect-associated, so the net surface recombination rate also follows SRH

theory:

2
Ngps — N
= 2.24
Us Ps + D1 +n5+n1 ( )

Nstanvth Nst Up Uth

Where ng and p, are the electron and hole concentrations at the surface. The state for the recombination
is concentrated in two-dimensional space, so Ny, is the density of the states per unit area (cm), instead of
unit volume (cm=) in bulk. In the real surface, there is a continuous distribution of these energy states in the
band gap. Therefore, the density of the energy state is referred as Di; as a function of energy, and the net surface

recombination rate across the band gap (Ev to Ec) is defined as:

Ec D: (E)
U, = —n2 f i dE 2.25
s (nsps n; )vth £, Ds + D1 + Ng + ny ( )

on(E) ~ op(E)

The surface recombination velocity (SRV) is a parameter to describe the recombination rate of the carriers

at the surface, which is defined as:

SRV = i, (2.26)
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Where Ang is the excess carrier concentration near the surface.

The bulk and surface recombination are all defect-associated recombination, the difference between them
is defined by the depth region where the surface recombination becomes the bulk recombination. The
calculated SRV above assumes that the conduction band and valence band all are flat through the whole
semiconductor with uniform defect density and dopant. However, in the actual semiconductor, a space charge
region will exist and cause band bending due to the accumulation of charge at the surface [22]. The
recombination occurring in the band bent region is defined as the surface recombination while the

recombination in the flat region is defined as the bulk recombination.

2.3 Surface passivation in silicon solar cells

To reduce the impact of defect-assisted recombination, gettering [55] and passivation methods [22, 56]
are employed. The gettering method is achieved through the diffusion of impurities to regions where the
performance of the cell is less detrimental. This technique is important in the solar cells’ development, but not
related to the work presented in this thesis. The passivation method can be divided into two categories: Field
effect passivation (FEP) and chemical passivation. For the chemical passivation method, the mitigation of the
recombination is achieved by using the chemical species to satisfy unsaturated bond and eliminate defect states.
Field effect passivation is achieved by creating an electric field near the surface, where the charge carriers of
similar polarity would be prevented from approaching. These two passivation methods are normally employed

in conjunction in actual cell manufacturing [56-58].

2.3.1 Chemical Passivation

Two main methods are employed for the chemical passivation of silicon solar cells. One method is
depositing a capping dielectric layer. The other one is using hydrogen to passivate the unsatisfied states. The
main dielectric layers used in silicon solar cells are SiO», SiNx and AlOx. At first, these layers work as the
anti-reflection layer . The reflectance of the polished Si wafer can be over 30% [59], while the reflectance of
the wafer with an anti-reflective coating layer can be well below 0.5% through the reduction of the light
reflection at the interface [60]. In the actual solar cell production line, the anti-reflective coating process is
always combined with the surface texturing process, which creates the pyramids on the surface to increase the

possibility for the reflected light bouncing back to the surface [61]. Besides that, the deposited dielectric layer
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can combine with the dangling bonds at the surface, which reduces the density of the defects states. The SiO;
is used in silicon cell architectures due to its low Dj at the silicon surface providing good passivation quality
[22]. However, it does not have good antireflection ability on its own. It is normally capped with a SiNx layer
that provides fixed positive charges and free hydrogen atoms during PECVD deposition [22, 62]. The mobile
hydrogen atoms can diffuse to the interface and saturate silicon dangling bonds at the interface, reducing the
interface state density. Hydrogen plays an important role in the chemical passivation in silicon solar cells and

will be discussed in Section 2.6.1.

2.3.2 Field effect Passivation

In the previous section, it has been noted that there is an intrinsic concentration of the fixed charges
incorporated during the synthesis of dielectric layers [62-64]. The positive charges in the SiNx layer form a
built-in electric field on the surface of the silicon wafer, which reduces the concentration of one carrier type
and thus the probability of carriers recombination on the surface. However, since the existence of the positive
charge, it only has a good passivation effect on the n-type silicon surface. When applied to the highly doped
p+ surface, it does not show effective passivation. For p-type Si, an AlOx layer containing a high concentration
of negative charge states and hydrogen atoms is used [62, 64, 65]. The combination of the SiNx/SiOx and
AlOx/SiOx layers used opposite cell sides can lead to effective passivation. However, the intrinsic charges in
the dielectric layers are not optimal to fully exploit FEP [56, 66]. Extrinsic charges could be applied to control
the carrier concentration at the surface and enhance passivation. There are two main techniques to apply FEP:
Diffusion of a doping profile in the near-surface region and adding additional charges via the extrinsic process.
The diffusion of the doping profile will create an internal electric field to control the migration of the charge
carriers [57]. This method is not used in this thesis and would not be explained in further detail. Adding the
extrinsic charges to the capping dielectric layer, through corona discharge for example, is used in various
literature works [67-69], and exploited here. For this technique, the charges are generated by the application
of the high voltage in the order of kV to a pin-like electrode. This electrode ionizes the molecules around it
and generates a corona-shaped plasma. The ionized atoms scatter and drift to the sample placed on the ground
plate, which generates the surface electric field. The positive voltage applied on the pin-like electrode attracts
the electron to the source and the positive ions will drift to the sample. The negative voltage attracts the positive

ions and the free electrons collided with the ambient air molecules will drift to the samples. It has been shown
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that the positive charges are the hydrated hydrogen atoms ((H-0),H*) and the negative charges are COj3™ ions
[70]. Corona discharge is used throughout this thesis to generate the surface electric field to investigate the

hydrogen kinetics in different cell architectures.

2.4 Overview of Silicon Solar Cell Architectures

The first practical single crystalline silicon solar cell with 6% efficiency was made in Bell Labs in 1954
[71]. To reduce climate change and meet renewable energy needs, a variety of high-efficiency silicon solar
cells have been developed today, including passivated emitter and rear contact (PERC) solar cells, tunnel oxide
passivated contact (TOPCon) solar cells and silicon heterojunction (SHJ) solar cells. Figure 5 show the
schematic of these cells’ structures. According to the ITRPV 2023 report [21], among all these architectures,
PERC still dominates the market share of around 70%, while TOPCon and SHJ have a market share of around
15% and 7%, respectively. According to the forecast, the dominance of PERC will end around 2025. The
TOPCon cell would take the market share of 60% in 2033, while the SHJ cell would take the 19% market then.

In the following section, the evolutionary development of these high-efficiency cells is discussed.
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Figure 5. Schematic of commercial silicon solar cell structure (a) Standard PERC (b) Standard TOPCon solar cell
(c)Standard SHJ solar cell.

2.4.1 Passivated Emitter and Rear Contact solar cell

The PERC solar cell is developed from the aluminium back surface field (Al-BSF) cell depicted in Figure
6.a. p-type silicon is used as the main substrate and phosphorus diffused emitter forms the p-n junction, while
the front surface is textured and then passivated with hydrogenated Silicon Nitride (SiNx) layer. For the rear
side, Al paste is screen-printed with base silicon to create the back surface field and fully back Al contact.

Even with the improvement of the doping concentration and firing process, the efficiency of the Al-BSF cell
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can achieve 20.29% [72], which is still far from the Shockley-Queisser limit efficiency of 29.4% for an ideal
single-junction crystalline silicon solar cell [47, 73]. The efficiency of Al-BSF is limited by the high rear side
recombination and just 65% of the long-wavelength light can penetrate and reach the rear side due to the
internal reflection [74], as shown in Figure 6.a. The fundamental difference with the PERC architecture is the
addition of a dielectric layer, such as SiNx/AlOx stack, with local contacts on the rear side [75]. This is
displayed schematically in Figure 6.b. There are two benefits of this rear passivation layer, i) surface
recombination is supressed compared with Al-BSF and ii) improved reflection increases the amount of long
wavelength light than can be absorbed in the silicon. The localised p++ region reduces the resistance loss
between the silicon and metal contact, as shown in Figure 6.b. Due to the high compatibility with previous Al-
BSF industry production lines and high efficiency with a 24.5 % record [76], the PERC cell dominates the
market up until 2023. However, the back surface of the PERC cell still has around 5-10% of the area in contact
with metal [77], which will still cause minority carrier recombination. Therefore, the passivating contact

architecture is introduced as a next-step evolution to reduce the metal silicon contact losses.
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Figure 6. Schematic of (a) Al-BSF cell and its rear side structure, (b) PERC cell and its rear side structure.
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2.4.2 Tunnel oxide passivated contact solar cell

Silicon solar cells with passivated contacts are a promising approach for higher efficiency. Amongst the
viable approaches, tunnel oxide passivated contact (TOPCon) solar cells have recently gained substantial
interest as future market-dominant cell architecture [78, 79], due to the excellent rear surface passivation. The
key to this technology is the passivated contact provided by the combination of an ultra-thin oxide of ~ 2 nm
[80] and heavily doped polysilicon layer [79, 81, 82]. The excellent passivation on the rear side provides
effective chemical and field effect reductions to charge loss. N-type silicon is used as the main substrate and
the front surface is achieved through the combination of the p+ emitter and a passivating stack formed by an
AlOx/SiNx double layer, depicted in Figure 5.b. For the rear side, the thin oxide / doped polysilicon passivation
scheme is capped with a hydrogen-containing dielectric, such as SiNx:H or AlOx:H layer. For TOPCon cells,
the thin layer of SiO, film on the back surface completely isolates the interaction between silicon and metal.
Due to this design, a very low surface recombination current density (Jo) and low contact resistivities are
achieved, which facilitates high Voc and fill factor (FF) [81]. TOPCon has achieved a record efficiency of
26.89% with a mass production efficiency of 26.01% in Jinko Solar, which is close to the theoretical efficiency
limit for TOPCon at 28.7% [83]. Additionally, the mass production for this design shows great compatibility
with PERC, which could allow for easy implementation with a few additional tools. Silicon cells adopting this
contacting scheme may also be referred to as polysilicon on oxide (POLO), as the current transport can occur

via both tunnelling and pin-hole mechanisms depending on the thickness of the interfacial oxide layer[84, 85].

2.4.3 Silicon heterojunction solar cell

The last cell architecture to be discussed is the silicon heterojunction solar cell. SHJ solar cells have
recently achieved a world record efficiency of 26.81% [86] and are thus gaining significant interest as a
possible approach to replace the incumbent PERC cells in mass production. The high performance of this
architecture is achieved by the structure of crystalline silicon wafers passivated by stacks of intrinsic and doped
amorphous silicon (a-Si) [87-89]. Figure 5.c depicts the structure of this cell architecture. The intrinsic
amorphous silicon film and the p-type doped amorphous silicon film are deposited on the rear side in sequence.
On the front side, the intrinsic amorphous silicon film and the n-type doped amorphous silicon film are
deposited. The difference in the doping provides carrier selectivity. Due to the poor conductivity of the

amorphous silicon films, a transparent conductive oxide (TCO) film is deposited on both sides of the cell to
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allow for lateral conduction to the contacts. An Ag grid screen printed is used to form double-sided electrodes.
Bilayers of intrinsic and doped amorphous silicon (a-Si:H) work as the exceptional passivation and charge-
selection layers, due to their large bandgap (~1.7 eV, compared with 1.12 eV for c¢-Si) and their good
compatibility for doping [90]. This design can lead to low surface recombination current density (Jo) which
facilitates high Voc, and low processing temperature [91]. Since n-type monocrystalline silicon is usually used
as the substrate for SHJ cells, the cell is not limited by the LID effect caused by the boron doping. Since the
surface is deposited with the TCO film without an insulating layer, there is no chance of the surface layer being
charged, structurally avoiding the occurrence of PID [92]. Even with the challenge of the high cost of tools for
cell production and the great consumption of silver, it shows great potential as the future market dominant to

pave the way to >25% silicon solar panels.

2.5 Light-induced instabilities in commercial solar cells

The stability under prolonged light illumination is an important criterion for solar cell devices. Studying
the mechanism behind these changes is essential to maintain cell efficiency and thus boost the development of
solar energy. The different architectures have different response for the light-induced changes. PERC and
TOPCon cells suffer from degradation with illumination, while the light-induced enhancement is observed in

SHJ cells.

2.5.1 Light and elevated temperature induced degradation

Light induced degradation (LID) is one of the main types of degradation in field operation, which is
caused by the increase of the excess minority carrier recombination under injection carrier such as illumination
or biasing current [93-95]. Various studies have been carried out on understanding of the mechanism of the
LID [96-98] , while the formation of the boron-oxygen defects in silicon cells has been considered as the
prominent cause for the LID [99, 100]. It showed that LID caused by Boron-Oxygen defect (BO-LID) can be
regenerated by annealing at elevated temperatures with carrier injection [101-103]. This regeneration process

can be achieved in seconds with high injection carrier.

However, Ramspeck et al. reported an unusual LID in mc-Si PERC solar cells in 2012 [104]. Normal
LID caused by Boron-Oxygen defect can achieve the saturation of the degradation at room temperature in the

time scale of a few days or months. However, this unusual LID achieves the saturation of the degradation at
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elevated temperature (above 75 < with time scale of months to years. The time scale for this LID cannot be
explained by the BO-Oxygen defect and then this LID is referred as Light and elevated temperature induced
degradation (LeTID). LeTID is observed in a wide range of silicon solar cell architectures [28], including
boron-doped Cz-Si [105, 106], boron-doped float-zone silicon [107, 108] and n-type Cz-Si [109-111]. This
degradation can cause significant reductions in Voc [28, 112, 113], which is detrimental for modules
installation in the field [113, 114]. Gallium doping p-type silicon solar cell show a more stable performance
compared with boron-doped solar cell, due to the absence of BO-related degradation [115-117]. However,
LeTID is still observed in Ga-doped p-type silicon solar cells [116, 118, 119], which put more evidence that
LeTID is not caused by the Boron-Oxygen defect. The actual mechanism behind the LeTID is still not clear,
but there have been several reports showing the hydrogen involvement in the formation of LeTID, including
varying the firing conditions [120], SiNx stoichiometry [103] and thickness [121]. It has been reported that the
impact of LeTID can be mitigated through thermal treatment in the range of 300 <C — 500 <C, which recovers
the Voc of the cells effectively [122]. However, this thermal treatment also causes an increase of the series

resistance (Rs), which leads to the deterioration of the FF [30, 123, 124].

Chan et al. have reported that the application of the forward current on mc-Si PERC can cause a decrease
of Rs, while the removal of the forward current can cause an increase of Rs [124]. This unstable change of Rs
with the varying applied bias conditions cannot be fully explained by a thickening of the glass layer at the Ag
/ Si interface, which is hypothesised by Peral et al [123]. Hamer et al. showed that the application of a current
during the thermal process can lead to the increase of Rs by an order of magnitude and it can be mitigated
again with the injected current in the opposite direction, which showed that the direction of the applied field
has a profound impact on the series change of the cell [30]. These observations indicated that the change in Rs
with varying applied conditions should be related to the mobile charged particles inside the cells, while
hydrogen is the most likely candidate due to its high mobility at room temperature [125]. Therefore, there
should be some link between the hydrogen involvement and the formation of LeTID inside the silicon solar

cells.
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Figure 7. In-situ series resistance change of p-type PERC samples with applied bias between -0.2 and 0.2 V in the dark
at 350 <C. Reproduced after [30].

2.5.2 Firing induced degradation

There have been several reports about firing-induced instabilities in thin oxide/ n+ doped poly-Si layers
both in n-type and p-type wafers [32, 126-129]. This degradation is attributed to the deterioration of surface
passivation after an industrial-type firing step, correlated with an increase of Jo [127, 130]. Di et al. investigated
such lifetime instabilities following light soaking for samples capped with SiNx deposited through plasma-
enhanced chemical vapour deposition (PECVD) and low-pressure chemical vapour deposition (LPCVD)
methods [33]. They demonstrated that the firing of a hydrogen-containing dielectric is required to induce such
lifetime instability. By subsequently removing the passivation stacks and replacing them with superacid
passivation, they concluded that the firing-induced instability is related to a deterioration of surface passivation,
rather than in bulk, and that this degradation is related to hydrogen. To investigate the cause of this surface-
related degradation (SRD), Di et al. investigated the concentration of hydrogen near the interface using
secondary ion mass spectrometry (SIMS) [34], depicted in Figure 8. They concluded that the increase in Jo
correlates with an increase in hydrogen concentration near the c-Si / SiOx interface, implying the formation of

hydrogen-induced defects.
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Figure 8. Jo values measured after firing as a function of hydrogen density estimated by integrating the hydrogen signal
between sputter depths of 50 and 150 nm, reflecting the hydrogen density around the SiOx interlayer. Reproduced after
[34].

Therefore, developing a method to control the hydrogen diffusion inside TOPCon is essential to mitigate
SRD. It has been reported that the post-metallisation annealing in the range of 300 T — 400 <T can help to
mitigate this SRD in samples with thin oxide / doped polysilicon layers [131]. This mitigation treatment
condition is similar to the mitigation method for LeTID in PERC. For PERC cells, the instability of the contact
resistance change during degradation can be controlled by the application of an electric field, which is related
to the diffusion of hydrogen [30, 125, 132]. For TOPCon cells, it has also been reported that similar instability
in contact resistance is observed and that electric fields can modulate the degradation [133]. Besides that, the
presence of a surface electric field can impact the surface passivation after the firing of hydrogen-containing
dielectrics [134]. Based on these works, Hydrogen is believed to be responsible for SRD in TOPCon cells, and
hence the application of electric field shows great potential as an approach to modify the diffusion of H and

study the mechanisms behind it.

2.5.3 Light-induced enhancement in SHJ cells

There have been several reports about light-soaking enhancement in SHJ cells [35, 37, 135]. Mahtani et
al. reported the improvement of the lifetime for SHJ samples in the presence of doped layers with light
illumination with 1-sun intensity. This enhancement did not happen on the samples with only an intrinsic
amorphous layer on both sides [35], depicted in Figure 9. Kobayashi et al. reported an improvement of
efficiency for SHJ cells around 0.3%.as after 15 hours 1-sun light soaking treatment, which was caused by

increased Voc and FF [135]. Wright et al. reported that application of 100-sun illumination at 200 °C can
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increase the efficiency of SHJ cells up to 0.7%abs after 30 seconds treatment, which shows great potential to
be tailored to time scales compatible with mass production [37]. However, the mechanism behind light soaking
enhancement in SHJ cells remains unclear. The current hypothesis is that hydrogen migrates to the a-Si:H/c-
Si interface to improve surface passivation due to the electric field induced by the doped layers [136]. The

involvement of the hydrogen seems to play an important role in these architectures but little understanding is

yet available.
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Figure 9. Light induced normalized effective lifetime change as a fuction of light soaking time to the a-Si:H/c-Si
heterointerface using intrinsic layers, doped layers, and doped—intrinsic bilayers of a-Si:H specimens. Reproduced
after [35].

2.6 Hydrogen in high efficiency silicon solar cells

2.6.1 An overview of hydrogen passivation

Passivation of the silicon surface and bulk defects is critical to achieve high efficiencies, since the quality
of it determines the cells’ minority carrier lifetime. The introduction of H into Si is exploited in the mass
production of commercial silicon solar cells, due to its good performance-enhancing ability. Hydrogen
passivation is achieved through the introduction of atomic H from a hydrogen-containing layer. For PERC and
TOPCon cells, SiNx:H and AlOx:H dielectric layers deposited by PECVD are the main hydrogen sources
during the metal contact firing step [23, 24, 137, 138]. For SHJ cells, hydrogenated amorphous silicon (a-
Si:H) layers work as the hydrogen source and atomic hydrogen atoms are released through the breaking of the
Si-H bond during thermal annealing [139, 140]. Due to its high mobility and reactivity, hydrogen shows a
range of complex reactions with defects, dangling bonds, contaminants, and dopants when it is introduced into

semiconductors [141-144]. The boron-oxygen complexes, which lead to the LID, can be deactivated
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effectively by hydrogen passivation and this deactivation process is reversible at the low temperature (70<C)
[145-147]. The low-temperature mobility of H in Si is relevant for the degradation and enhancement

phenomena in these architectures.

2.6.2 The charge states of hydrogen

The hydrogen passivation technique is well-developed and leads to a significant increase in the cell's
effective lifetime [58, 148]. To better understand and control this passivation method, it is important to
understand the transport of hydrogen inside the cells. The charge state of the interstitial hydrogen is an
important parameter [149]. Hydrogen can passivate the boron atoms in the p-type silicon wafer and phosphorus
atoms in the n-type silicon wafer with different charge states [146, 150]. Hydrogen migrates in a silicon wafer
mainly in the interstitial form and monomers exist in three charge states: positive (H*), neutral (H°) and
negative (H’). The charge state is controlled by the local concentration and distribution of electrons and holes
[125, 151]. Several groups reported that the charging state of monoatomic hydrogen is dependent on the fermi
level under various conditions [152-154]. Hamer et al. simulated the model of the distribution of intrinsic
hydrogen atoms with different charge states between 300°C and 700°C [132], showing that the transport of
hydrogen under non-equilibrium strongly depends on electric fields and temperature. The hydrogen state will
be switched into different states when it goes over a cross-over point in the silicon bulk as shown in Figure 10.
The application of the electric field can control the migration of the hydrogen with different charge states.
When a forward bias is applied, H* will be pushed into the p-type bulk part and H- will diffuse into the surface
part. Due to the existence of the built-in voltage in the junction, only H° is free from the electrostatic effects

and diffuses through the depletion region before it can switch into H* by thermal ionization reaction [155, 156].
H° > H* +e” (2.27)

The switch between H- and H+ states is achieved by the driving force to establish a local equilibrium
concentration in the substrate. Generally, H*/H® species exist and diffuse in p-type silicon and H~/H°
species exist and diffuse in n-type silicon. The majority of impurities inside the silicon solar cells are dopant

elements, boron and phosphorus atoms. For the p-type silicon, hydrogen with a positive charge state can

interact with the boron atoms [132].

H* +B~ 2 HB (2.28)

39



The interaction is dependent on the temperature and dopant concentration. This pair might dissociate
rapidly during annealing above 200<C with boron concentration up to 10**cm. Besides H-B, there are other
hydrogen complexes in p-type silicon such as H-Fe and H-Cr, which will dissociate into monoatomic hydrogen
below 500<C when the dopant concentration is less than 10*’cm= [157]. For n-type silicon, hydrogen will

interact with the phosphorus dopant atoms [132].
H™ +P* 2 HP (2.29)

Because electrons attract positively charged hydrogen ions and holes attract negatively charged hydrogen
ions, the interaction of dopant elements with charged hydrogen ions is minority carrier concentration dependent
[132]. The neutralization and reactivation of dopant elements depends on the temperature and dopant
concentration. Therefore, controlling the concentration of hydrogen with different charge states is essential to
achieve high-efficiency solar cells. The previous models and theory all are based on one assumption that the
mobile hydrogen atoms all are in the interstitial form. In the actual cells, the existing state of hydrogen atoms
is controlled by the temperature and only a small portion of interstitially formed hydrogen atoms exist below
600 T [158]. When the temperature is below 600 <C, hydrogen exists in the form of hydrogen complexes
inside the silicon wafer such those mentioned before, as well as hydrogen dimers (Hz). The efficacy of

hydrogen passivation is strongly dependent on the hydrogen charge states at different layers.
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Figure 10. Fractional concentration of hydrogen with different charge states as a function of Fermi level (relatively to
the middle of the band gap) (a) at 300<T (b) at 700 <C. Reproduced after [132]

2.6.3 Hydrogen-related defects in silicon

The hydrogen passivation method is perceived as a standard performance-enhancing process for

commercial Si solar cells. However, it has been reported that H can sometimes cause a negative impact when
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introduced into Si. There are multiple reports that H plays an important role in the activation of LeTID in p-
type mc-Si and cast Mono-Si [29, 159, 160]. The degradation of p-type mc-Si was first seen through a
noticeable efficiency loss of around 7% in fabricated cells. Although the actual mechanism behind the LeTID
is still not clear, H was identified as a possible cause for LeTID. Interstitial hydrogen would be introduced into
the silicon wafer at various concentrations from the hydrogenated dielectric layer during the fast-firing
process[161, 162]. It is observed that this degradation process can be activated once the peak temperature
exceeds 700TC [163]. The extent of the LeTID can increase with the firing temperature and an absence of the
degradation is observed for unfired samples [163, 164]. The LeTID for the fired samples can be mitigated
through the thermal treatment in the range of 300 <C — 500 <C. However, this post-firing treatment would
cause an undesired increase in contact resistance and the front Ag-Si interface is most affected [124].
Bredemeier et al reported that the recovery can be caused by the diffusion of species to or from the surface[100].
Considering the required diffusivity for this phenomenon, they suggested that these species should be metal
impurities or H. The contact resistance change caused by the metal impurities during firing has been explained
as a thickening of the glass layer at the Ag / Si interface by Peral et al. [123]. In their test, a glass layer is
formed between the Ag and Si substrate from the added glass frit to the paste during the firing process. The
composition of glass layer is dependent on the composition of the silver paste, the Si surface morphology and
firing conditions, which can contain lead monoxide (PbO), silicon dioxide (SiO;), boron oxide (B.0s), and
zinc oxide (ZnO). Figure 11 shows the front contact change with different fired conditions. When the sample
is underfired shown in Figure 11.a, small Ag precipitates are distributed inside the glass layer. The electron
needs the extra energy to jump to adjacent Ag precipitates and be collected at the Ag bulk, which leads to high
resistance. When the sample is optimally fired shown in Figure 11.b, the Ag bulk has good contact with the
emitter substrate, so the electron can be directly transferred to the Ag bulk after crossing the Schottky barrier.
If the thickness of the glass between them is small enough, some electrons might tunnel across the silver and
be collected by Ag bulk. When the sample is overfired shown in Figure 11.c, large Ag colloids are formed and
distributed inside the glass layer, with current flow being limited to Thermionic-field emission [165]. Although
firing could change the resistance by redistribution of Ag colloids and glass colloids, the resistance change
from that cannot be affected by the applied electric field. The correlation between the change of the series
change and applied bias shows that the LeTID is consistent with Hydrogen dynamics [30]. The LeTID should

be caused the hydrogen-related defects.

41



Ag Bulk

Large Ag

Small Ag N Colloids o _®
Precipitates A S le
T A '...oo o ©09°% 00,
QL .'0 .... ° (] .. .... .

ARC ° 2 IFG o %% e 00O
@ @ Ag Crystals

S () ®

(a) (b) ()

Figure 11. Front contact structure with different fired conditions. (a) Underfired (b) Optimally fired (c) Overfired.
Reproduced after [123].

H-related defects were observed in different architectures discussed in the previous literature. The firing-
induced degradation at the n+ poly / SiOx / ¢-Si interface have been reported which significantly reduces the
surface passivation of the TOPCon cells [32, 166]. It is hypothesised that hydrogen plays a role in this surface-
related degradation [34]. However, the role of hydrogen in this severe surface degradation remains unclear.
Most of the published work show the link between the H and these degradations. It is not yet widely known
how the H is responsible for these degradations. As such, it is important to find method to study the kinetics

of hydrogen in these architectures.

2.7 Summary of the presented literature

Studying the mechanism of the degradation and finding methods to mitigate it are essential to achieve
high-efficiency solar cells. The three dominant silicon cell architectures, PERC, TOPCon and SHJ, suffer from
different degradation and enhancement effects, and H plays an important role in all of these phenomena. In

this chapter, the influence of hydrogen is explored all three architectures.

Although light and elevated temperature induced degradation (LeTID) in p-type multicrystalline-Si
passivated emitter and rear cell (PERC) has been reported widely, the actual mechanism behind that is still not
clear. One approach to mitigate LeTID is a thermal treatment in the range of 300 T-500 T, but this will
cause severe deterioration of the FF, dominated by an increase in series resistance (RS). The existing
understanding is that this undesired resistance change is at front contact and linked to hydrogen. However, the
origin of this change and how it is linked to hydrogen are missing from the growing body of literature. Due to
the great mobility and different charge states, using an electric field to control the migration of hydrogen to

study the contact resistance change is a good method to understand the kinetics of hydrogen in LeTID, which
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is good for the development of processing strategies that mitigate degradation and enhance stability in PERC

cells.

For TOPCon cells, surface-related degradation (SRD) is triggered in fired samples by the presence of
elevated temperature and illumination. In literature, several reports have indicated that the degradation may be
caused by an accumulation of hydrogen near the interface. However, there is limited direct evidence
unambiguously proving that excess hydrogen is the cause of the SRD. Using surface polarisation to control

the migration of hydrogen shows good potential to study the nature of SRD in TOPCon cells.

For Silicon heterojunction (SHJ) solar cells, light soaking has been shown to improve surface passivation,
while high temperatures are known to degrade the interface passivation in SHJ cells. Interestingly, the surface
passivation only improves in the presence of doped amorphous silicon (a-Si) films. The current hypothesis is
that during light soaking, hydrogen ions are released from the a-Si and migrate towards the c-Si / a-Si interface
in the presence of the doped layer and passivate dangling bonds. In this area, it is possible to test this hypothesis
by investigating light soaking improvements in surface passivation in the presence of surface electric fields
induced by corona charging. The stability under prolonged light illumination is an important criterion for solar
cell devices. Finding method to study the kinetics of hydrogen in these architectures are important to keep cells

with good stability.
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Chapter 3 Experimental methods

This chapter discusses the equipment used for the fabrication and characterisation of the different silicon
solar cell architectures. A general overview of the processes used for specimen preparation and characterisation
is provided. The hydrogen dynamics in PERC, TOPCon and SHJ are investigated in this thesis. Due to the
difference in the architecture and degradation phenomena, the processing treatments specific to each

architecture will be discussed alongside the results in subsequent Chapters.

3.1 Silicon materials

Three different types of silicon solar cells were used: Passivated Emitter and Rear Contact (PERC) solar
cells, Tunnel Oxide Passivated Contact (TOPCon) solar cells and Silicon heterojunction (SHJ) solar cells. All
the samples used were received from commercial companies or institutes. The PERC and TOPCon specimens
were fired in industrial furnaces at 800 — 850 °C [167, 168]. The schematic structures for these three solar cell
architectures are shown in Figure 12 to Figure 14, and Table 1 summarises the different substrates used during

this project.

PERC: Experiments in this work were carried out on standard commercial full-size p-type mono PERC
cells obtained from UNSW and Trina Solar. The 156 mm > 156 mm cells were laser cleaved into 1.5 cm x1.5
cm for further current-voltage measurement. Figure 12.a shows the schematic of the original PERC cell. A
boron-doped p-type Cz-Si is used as the main substrate and a phosphorus-diffused emitter is used to form the
p-n junction. The front surface is textured and then passivated with SiNx layer. A dielectric layer (SiNx/AlOx)
stack with local contacts is formed on the rear side. Both metal contacts are formed via industrial screen
printing and firing. Figure 12. b shows the schematic of a modified PERC cell structure with a front Al contact

added, which is designed to measure different components of series resistance in PERC separately.
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Figure 12. Schematic of PERC cell structure. (a) Original PERC cell (b) Modified PERC cell, where m indicates the
PERC specimen after modification with the existence of the front Al contact.

The modified PERC sample geometry and modification process are shown in Figure 13. One silver finger
and a small portion of the busbar at the front surface are painted with photoresist and left to dry overnight. The
rear back aluminium contact is fully covered in photoresist for protection. The extra silver remaining at the
front surface is etched off with nitric acid and DI water solution, with a 2:3 ratio by volume. A photoresist
layer is painted on top of the existing photoresist line to isolate the silver finger with a larger area, and a circular
line of photoresist is drawn around the photoresist-coated region and left to dry for ~ 30 minutes. Reactive lon
Etching (RIE) is used to etch off the front silicon nitride layer with 25 sccm CHF; and 25 sccm Ar for ~10
minutes. 100 nm of aluminium are deposited on the front surface through thermal evaporation. Lastly, the front
aluminium and silver contacts are exposed through etching off the remaining photoresist via acetone in an

ultrasonic bath at 40 °C.

Top View PR masking Ag etching PR masking SiN, Etching Al evaporation Lift off

—p (=
- Photoresist

Passivation layer Cross Section

) SO, SO ~ 2O
1
Electrons  Holes ﬂ .ﬂ ﬂ

Figure 13. Schematic of the modified geometry process for PERC specimen

TOPCon: Experiments in this work were carried out on six kinds of TOPCon specimens. The first one
is the standard commercial n-type TOPCon solar cells as shown in Figure 14.a, which was obtained from Trina
and labelled as TOPCon cell. N-type phosphorous-doped Cz-Si is used as the main substrate and the front

surface is achieved through the combination of the p+ emitter and a passivating stack formed by an AlOx/SiNx
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double layer. For the rear side, the thin oxide (1~2 nm) / doped polysilicon passivation scheme is capped with
a hydrogen-containing SiNx:H layer. The metal contacts are formed via industrial screen printing and firing in
Trina. The 156 mm > 156 mm cells were laser cleaved into 1.5 cm x 2 c¢cm for further current-voltage

measurement.

The second sample structure is the n-type TOPCon cell precursor without metallisation, obtained from
Trina and labelled as TOPCon cell precursor as shown in Figure 14.b, which has been fired in Trina. The third
type is the nnnTOPCon lifetime specimens with the structure of n-type Cz-Si substrate combined with
symmetrical thin SiOx / n-type poly-Si layers on both sides as shown in Figure 14.c. This type was obtained
from Trina and ANU separately and firing in their institutions respectively. The fourth type is the pnpTOPCon
lifetime specimens with the n-type Cz-Si substrate combined with symmetrical thin SiOx / p-type poly-Si
layers on both sides as shown in Figure 14.d, which was obtained from Fraunhofer ISE and fired there. The
fifth type is the pppTOPCon lifetime specimens with the p-type Cz-Si substrate combined with symmetrical
thin SiOx / p-type poly-Si layers on both sides as shown in Figure 14.e, which was obtained from Fraunhofer
ISE and fired there. The sixth type is npnTOPCon lifetime specimens with the structure of p-type Cz-Si
substrate combined with symmetrical thin SiOx / n-type poly-Si layers on both sides as shown in Figure 14.f,
which was obtained from ANU and fired there. The received 156 mm > 156 mm wafers were laser cleaved to

4 cm x4 cm size for further light soaking treatment and lifetime measurement.
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Figure 14. Schematic of the structure of the tested TOPCon specimens. (a) Standard n-type TOPCon cell (b) n-type
TOPCon cell precursor without metallisation. (c) nnnTOPCon lifetime specimens, where nnn indicates the n-type Cz-Si
substrate combined with symmetrical thin SiOx / n-type poly-Si layers on both sides. (d) pnpTOPCon lifetime
specimens, where pnp indicates the n-type Cz-Si substrate combined with symmetrical thin SiOx / p-type poly-Si layers
on both sides. (e) pppTOPCon lifetime specimens, where ppp indicates the p-type Cz-Si substrate combined with
symmetrical thin SiOx / p-type poly-Si layers on both sides. (f) npnTOPCon lifetime specimens, where npn indicates
the p-type Cz-Si substrate combined with symmetrical thin SiOx / n-type poly-Si layers on both sides.

SHJ: Experiments in this work were carried out on two types of n-type SHJ specimens sourced from
EPFL. The samples were fabricated using 200 = 10 um thick, n-type silicon wafers with base resistivity of 2.0
+ 0.3 Q.cm. The first type is a symmetrical lifetime structure with both sides passivated with a bilayer
consisting of intrinsic amorphous silicon a-Si(i) /n-type doped amorphous silicon (a-Si(n)), as labelled as
nnSHJ as shown in Figure 15.a, which has been fired in EPFL. The second type was cell precursor with a-
Si(i)/ a-Si(n) on the front surface and a-Si(i)/ with p-type doped amorphous silicon (a-Si(p)) on the rear, as
labelled as npSHJ as shown in Figure 15.b, which has been fired in EPFL. The 4-inch wafers were cut into

quarters for further processing.
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Figure 15. Schematic of the structure of tested SHJ lifetime specimens. (a) nnSHJ lifetime specimen, where nn indicates

the symmetrical lifetime structures with both sides passivated with a bilayer consisting of a-Si(i) and a-Si(n). (b) npSHJ

lifetime specimen, where np indicates the lifetime structures with a-Si(i)/ a-Si(n) on the front surface and a-Si(i)/ a-Si(p)
on the rear side.

Table 1. Summary of silicon solar cell specimens used in this project.

Resistiv ) Sample
Substrate  pgpa Thickness Firing
Type ity size Source Identifier
Wafer nt (um) condition
(Q.cm) (cm)
p-type Fired in
p,Cz B 1.2 180 15x%x15 UNSW PERC_UNSW
PERC cell UNSW
p-type Fired in
p,Cz B 0.9 170 15x%x15 Trina PERC_Trina
PERC cell Trina
n-type
Fired in
TOPCon n,Cz P 1.1 170 15x15 Trina TOPCon cell
Trina
cell
n-type
Fired in TOPCon
TOPCon n,Cz P 0.3-2.1 170 4x4 Trina
Trina precursor
precursor
n-type Fired in nnnTOPCon_
n,Cz P 0.3-2.1 170 4x4 Trina
TOPCon Trina Trina_
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For dopant, B represents Boron and P represents phosphorus

3.2 Surface electric field generation

In this work, the control of the migration of hydrogen is achieved through a surface electric field.
For industrial silicon solar cells, metal contacts are already present, and the electric field is achieved
through the direct application of the voltage between the contacts. For the samples without metal
contact, corona discharge is used to generate the surface electric field. Corona discharge technology
can establish a metastable electric field across the hydrogen-containing dielectric layer without metal
contact deposition [169]. The extrinsic surface charge can control hydrogen migration within the

dielectric layer.

3.2.1 Dielectric synthesis via Plasma Enhanced Chemical Vapour
Deposition

Plasma enhanced chemical vapour deposition (PECVD) is a vacuum synthesis technique that uses plasma
to ionise gases, chemically nucleating and growing thin films on a substrate [170, 171]. SiOx layer is deposited
on the a-Si(n) side of the SHJ lifetime samples (SHJ_J and SHJ_K) at low temperatures via PECVD using the
Oxford Instruments PlasmalLab 80+ system shown in Figure 16. Firstly, the chamber temperature is raised to
200 <C. Amorphous silicon degrades when the temperature exceeds 200 ~ 220 <T so this work required the
development of a dielectric deposition method conducted at low temperatures. The SHJ_J and SHJ_K lifetime
substrates are placed in the reaction chamber and the chamber is vacuumed to a pressure < 107 torr, ensuring
that impurities in the environment do not interfere with the quality of the deposited film. Then, a gas mixture

of Silane (SiH4) and Nitrous Oxide (N20)) is introduced and reacted via plasma to promote the reaction:

SiH, + N,0 + RF power — SiO, + H, + N, (3.1)
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SiOx layer is deposited on top of n-type doped amorphous silicon layers. Details about the parameter
choice and procedure used for the low temperature PECVD SiOx will be described in Chapter 6 since it

required an optimisation process.

SiH,, N,0
PECVD

e (|11
ol T

Plasma —
= Sample
-/ \\— Heater

Vacuum

Figure 16. Schematic diagram illustrating the PECVD system used in this work.

3.2.2 Corona Discharge

Corona discharge is used as a method to build a surface electric field on the top dielectric layer of either
TOPCon or SHJ lifetime [68, 169]. A corona discharge is achieved through the ionisation of the air molecules
via the application of a high voltage to a metal pin as shown in Figure 17. The voltage applied is in the range
of 0 ~30 kV. The ionised air molecules near the electrode form the corona-like shape plasma and drift the
ionised air molecules to the sample which is placed on a ground plate. The polarity of the surface electric field
on the substrate samples depends on the deposited charged ions. Corona with a positive voltage will deposit

H3O" molecules on the sample surface, while a negative voltage will deposit CO3” molecules [70, 172].

In this work, the lifetime specimens are placed below the tip of the source electrode and several
modifications are applied to the standard corona discharge rig reported in [68, 169]. This work aims to achieve
samples with different magnitudes of surface electric fields at different temperatures combined with light
soaking. To achieve it, a new corona rig is developed to apply the continuous constant corona charge with
different light illumination simultaneously shown in Figure 17. A lamp source (halogen or LED lamp) is added
outside the corona charge box without impacting the inside corona-like shape plasma. The illumination
intensity can be achieved between 0 and 1 sun through the change of distance between the lamp and the test

specimen or lamp source. The hot plate is placed under the ground plate to achieve annealing between room-
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temperature and 200°C. A mechanically affixed thermocouple and thermometer were used to adjust desired
temperatures on the ground plate. The distance and the voltage are changed between the sample and tip to
achieve variation of the surface electric field. To control the overall magnitude of the surface electric field on
the specimen, the corona charge current is monitored before and after the corona discharge treatment through
the current meter. The control of the corona charge current through the specimen is to ensure the same corona
deposition rate is achieved on all samples even though they are made at different temperatures, with different

illumination intensities, and different corona voltages.

Halogen/LED lamp (0.1 ~1.1 sun)

| Point electrode
7N

Vp(0~30 kV)
Grounded /) Current
case | | meter
Sample \
@— Ground plate {AJ
Thermocouple Hot plate S

Figure 17. Schematic of corona charge box combined with light soaking annealing system.

3.3 Temperature-Dependent Current-Voltage Measurement

A six-terminal probe station is specially set up for this work and used to do in-situ dark current-voltage (I-V)
measurement of PERC (PERC and PERC_m) and TOPCon solar cells with an extra bias added at elevated
temperature in-between each I-V test, as shown in Figure 18.a. The solar cell is placed on the Al stage for the
bias annealing and the IV measurements are taken before and after the treatment. The applied and measured
current-voltage signals were supplied by two Keithley Source Meter Series 2401 separately, labelled SMU 1
and SMU 2 in Figure 18.a. Four probes connected with SMU 1 are used for the four terminal series resistance
measurement of the cells during the bias annealing gap shown. Two probes are connected with the top metal
contact of the cells and the other two are connected with the Al stage. Two probes connected with SMU2 are
used to apply constant bias (voltage or current) during annealing. The hot plate underneath can offer various
annealing temperatures and an electronic thermocouple is affixed to ensure that the temperature on the Al

stage/silicon solar cells is controlled. In this project, a controlled I-V sweep measurement with extra applied
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bias was performed periodically shown in Figure 18.b. During the bias annealing step, only SMU2 works and
applies constant bias on the specimen. Once the bias annealing is finished, SMU?2 is off and SMUL is the only
source taking the IV measurement. LabVIEW is used to control the signal for SMU 1 and SMU 2 in one
program with different parameters set up. The detailed measurement set up and measurement paths for the

PERC and TOPCon specimens will be discussed in brief within each results chapter.

A —
Temperature @ @ A -
detector SMU2 7 smU 1
| O
~
Thermocouple — Cell h Metal contact )
|

Aluminum stage

Silicon wafer

Hot plate
(a)
Voltage curve | Y
Voltase ! , measurement
£ on SMUI | : region
! i
— Time
Voltage or Current High
Voltage biasing on SMU2  impedance
(or Current) l Biasing
(b) region .
Time

Figure 18. Schematic of measurement set up (a) Six-terminal probe station (b) Bias-Stress Measurements Workflow for
SMU1 and SMU2 during treatment and measurement.

3.3.1 Four terminal resistance measurement

Four terminal resistance measurement is a method that separates the current-carrying and voltage-
sensing electrodes, compared to the normal two-terminal sensing method [173, 174]. In the two-terminal
sensing method shown Figure 19.a, the current meter measures the current through the whole loop, the

measured resistance is the total resistance of the circuit.

Rtotal = Rsample + 2Rwire + 2Rconmct (3-2)

In the four-terminal sensing method shown in Figure 19.b, the two outer lines are used to provide a
constant current and the two inner lines measure the voltage across the samples. The influence of resistance

from the wire and contact is minimised in this set up. Due to the high resistance of the voltage meter, the wires
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only carry a minuscule current and the voltage drop is negligible. Through the four-terminal method, more

accurate resistance change can be recorded.

1 1 1 1
| S | S | | | S
Rwire Rcontact ’_lRwire R’_|C0ntact
| S| | S
A Cf) CV) Rsample A G) d/) Rsample |:
| 1
| | | S—
Rwire Rcontact (b) Rwire Rcontact

Figure 19. Schematic of resistance measurement (a) two terminal measurement (b) four terminal measurement [175].

3.3.2 Transmission Line Method

The transmission line method (TLM) was used to measure the contact resistance between the metal
contact and a semiconductor, as well as the sheet resistance in the surface layer [176, 177]. Figure 20.a shows

the simple resistor geometry in cross section. The measured total resistance consists of several components:
Ry = 2Ry + 2R. + Reemi (3.3)

Where Rn is the resistance of the contact metal, R. is the contact resistance at metal/semiconductor
interface and Reemi IS the resistance of the semiconductor. In most situations, the resistance of the metal is low

compared to the contact and semiconductor, so the Rt can be expressed as:

Rsh
Ry = 2Ry, + 2R, + Rgemi = Rsomi + 2R, = Wkt 2R, (3.4)

Where R is the sheet resistance of the semiconductor, L is the length between the two contacts and W
is the width of the contacts. According to equation 3.4, the measured total resistance between the two electrodes
Ry is linearly related to the electrode spacing, and the intercept with the y-axis is twice the contact resistance.
Therefore, by combining the linear fitting diagram shown in Figure 20.b., the corresponding values of Rc and
Rsh can be calculated, and the transmission length can be further obtained through equation 3.5. Figure 20.c
and Figure 20.d show the vertical view and cross-section view for the actual cell under TLM measurement.
However, the current flow in the actual cell is more complicated. The current flow through the
metal/semiconductor interface and current crowding occurs at the edge of the contact as shown in Figure 20.d
[178]. The transfer length is used to describe the average distance that an electron/hole travels in the

semiconductor beneath the contact before it flows into the metal contact [178]:
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Ly = |- (3.5)

The effective area of the contact can be treated as LTW.

Pc RshLT

LW w (3:6)
Rsh Rsh RShLT RSh
RT=—WL+2RC=WL+ 2 W =W(L+2LT) (3'7)

When performing the TLM technique, the total resistance Ry between two contacts is measured and
plotted as a function of contact spacing L, as shown in Figure 20.b. Three parameters can be extracted from
this plot: R., Rspeer , L7 - In this project, | performed the TLM measurements to isolate the contact resistance
for both PERC and TOPCon cells. To do so, the busbar was removed from the cells by laser cutting to isolate
the current path after three cycles of forward bias annealing. The total resistance was measured as a function
of the distance between fingers. The finger pitch was ~1 mm measured with an optical microscope. The contact

resistance was extracted from the intercept of the measured resistance vs distance curve as shown in Figure

Ry Re Riemi Re R
= w
[ w
© I | | | -
L L. L

20.b.

(a) |4—»|

Ry = Measured resistance 1 2 3
...... Curve fit =
y

-~ =
Slape = Ry/W Measurement bias
-

I ==

I
(b) “2Ly Ly L Ly Ly L (d)

Figure 20. Schematic of TLM measurement. (a) simple resistor geometry in cross-section (b) the measured resistance vs
distance curve (c) cell after removal of the busbar in vertical view (d) measurement set up for the cell in cross section.

3.4 Kelvin Probe Measurements

The Kelvin probe (KP) technique is used to measure the surface contact potential change of the specimens

after corona discharge. The Kelvin probe measurement technology was proposed by Lord Kelvin in 1898 and
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developed by William Zisman in 1932 [179]. It is a non-contact technique used to measure the surface potential
difference between the metal probe and the substrate surface in vacuum or air conditions [179, 180], as shown
in Figure 21.a. When the metal probe and the substrate sample are not connected in vacuum conditions, the
surface potential of the metal probe is given by its work function ®n, while the surface potential of the substrate
surface is @5, as shown in Figure 21.b. When the probe is electrically contacted to the substrate surface,
electrons would travel from the high work function material to the lower work function material, as shown in
Figure 21.c, where the work function represents the electron energy difference between vacuum and Fermi
levels. Therefore, the Fermi levels equalise and a contact potential will be established. In metals, this potential
equates to the work function difference. Measuring work function requires a capacitor to be formed between

the probe and the metal, as shown in Figure 21.a. The capacitance C is given by:

Q &A

Where Q is the charge held by the capacitor, &, is the vacuum permittivity of the dielectric between the
two ends of the capacitor, A is the effective area of the capacitor, do is the distance between the probe and the

test substrate surface, and the potential difference between the two ends of the capacitor is
AD = @, — D (3.9)

When the metal probe oscillates up and down periodically, the capacitance between the probe and
substrate undergoes periodic changes, resulting on the change of the induced charge on the probe. This causes

an alternating AC backing current flow

dcC

e =V (3.10)

since the capacitance changes as

A

C=¢eXgyX
£7 80 % 4 ¥ A sin(wt)

(3.11)

Where Ad isthe vibration amplitude of the probe, w isthe vibration frequency of the probe. The probed
current is hence given by:

o= 20 % _ _(ades, Andew) — 252D (3.12)
e = T B 8 ARAW [do + Ad sin( wt)]? '

dt dt
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The work function difference is determined through Baikie’s method [181]. The backing potential U is
applied to the probe and iac is recorded, shown in Figure 21.d. When the reverse compensation potential U is
added to the circuit and do >> Ad, the AC backing current flow is given by:

t
Lic = —(Ap — U)(ssOAAdw)COZ(—(ZU) (3.13)
0

Through adjusting the compensation potential U, when the oscillating current flowing through the probe
is neutralised, the surface potential of the substrate  material is given  by:

o, =P, — AD= D, —U (3.14)

All results here are reported for the compensation potential U, which in the field is also termed the contact

potential difference CPD.
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Figure 21. Schematic of kelvin probe apparatus and band diagram during the measurement. (a) kelvin probe apparatus
(b) band diagram when the metal probe is not connected with the sample surface. (c) band alignment when the metal
probe is connected to the sample surface. (d) impact of compensation potential applied.

3.5 Photoconductance Lifetime Measurement

The effective lifetime of minority carriers was evaluated by measuring the photoconductance decay on a
Sinton WCT-120 Photoconductance Lifetime Tester. Photoconductance is a contactless method to extract the
effective lifetime of a semiconductor specimen and was developed by Sinton and Cuevas in 1996 [182]. Figure
22 shows the schematic of the Sinton lifetime tester. An inductive coil creates a magnetic field above the
specimen and induces Eddy currents. The conductivity of the specimen is extracted via an RF bridge that
measures the impedance of the coil as changes occur to the carrier density of the nearby specimen. A high-
intensity light is flashed on the specimen and electron-hole pairs are generated. A reference cell within the
sample stage is used to measure the illumination stage during the flash decays. The conductivity change (Ao)

of the specimen is related to the concentration change of the minority carrier inside the silicon wafer by:

Ao = qAnpy, + Appy, = qAn(un + ,up) (3.15)
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Where ¢ is the electron charge, An and Ap are the concentration change of electrons and holes

respectively, and p,, and p, are the mobilities of electron and hole respectively.

If the photogeneration rate (G) and recombination rate (U) is assumed to be homogeneous throughout the

wafer,
dAn(t) An
=G()—U(t) and U(t) = (3.16)
ot Teff
The effective lifetime of specimen can be calculated as a function of time:
An An (3 17)
Teff = = dA .
YO oG

In this work, measurements are carried out using the transient mode and quasi steady state mode (QSS),
depending on the effective lifetime range [183]. The effective lifetime was measured when all the other light
sources were turned off. For the specimen with an effective lifetime equal or above 100 s, the transient mode
is used for the measurement. For transient mode, a short pulse of light illumination is applied on the sample to
excite excess carriers. The measurement is taken after the end of the light pulse so G(t)=0. Therefore, the

effective lifetime is expressed as:

_ An _ An 318
Teff = dAn ~  dAn ( : )
O e

For the specimen with effective lifetime lower than 100 s, QSS mode is used for the measurement. For
QSS mode, illumination of 10 times longer than the specimen’s lifetime is applied on the specimen. Due to

long time illumination, a steady condition is assumed. Therefore, the effective lifetime is expressed as:

An An

G(t) — % 6O

Teff = (3.19)
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Figure 22. Schematic of the Sinton Lifetime tester.

From these data, the surface recombination velocity Jo and open circuit voltage V. at 1 sun can be
extracted[184, 185]. The effective lifetime is given by the sum of the bulk and surface components as discussed
in section 2.3. The Sinton WCT-120 Photoconductance Lifetime Tester calculates these data following
the Kane and Swanson slope method [182, 186]. For the excess carrier concentration An, the total

recombination is given by:

An An An An N; + An)An
_ + — + ]O( da . ) (3.20)
Teff  Tohulk Tsurface Thulk qWn;
Where W is the thickness of the specimen and Ngis the base doping concentration.
Jo is the obtained from the slope of:
11
1 T T
— eff bulk (321)
7'-surface An
So that Jo and Voc are given by:
gwn;? [ 1 1
Jo = < — 3.22
0 Nd + An Teff Thulk ( )
kT
Voc =—In <—] fOLALISUR + 1> (3.23)
q ]0 + ]0,base

Where K is the Boltzmann constant, T is temperature and q is the magnitude of the elementary charge.
Jrotar1sun Tepresents the generated photocurrent with 1 sun illumination. J, 5. represents the SRH

recombination contribution under 1 sun illumination condition.
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3.6 Photoluminescence Imaging

Photoluminescence (PL) imaging was developed by Trupke in 2006 and provides spatial information
about recombination in silicon samples [187, 188]. When a semiconductor is excited by light with energy
higher than its band gap, electrons are excited to the high-energy level. During the process of electrons
returning to lower energy levels, energy is released. Recombination can occur radiatively or through the defect
states. In PL imaging, the PL signal indicates the strength of radiative recombination, from which we can infer
the carrier density, and thus the portion of defect-mediate recombination. Therefore, the quality of the silicon
wafers can be correlated with the emitted photons after photoluminescence. The PL images presented in this
work were taken with a CellSpot-ELPL imaging as shown in Figure 23. In this setup, the silicon wafer is placed
on a non-luminescent baseplate. Two LED light sources are used to cause the silicon wafer to luminesce, and
the photoluminescence is captured by the Nikon Z7Z6RM camera above the sample. The LED light source
emits near-infrared noise which can distort the signal from the specimen. Therefore, filters are placed on the
light source to eliminate much of the IR source. The illumination intensity is controlled by the magnitude of
the current applied to the lamp. The overall emitted light is picked up by the detector and is converted into a
pixel-by-pixel map of the sample. No information is provided regarding the light filtering as this is kept
proprietary to the kit manufacturer. In this work, PL imaging is used to detect the cracks of the silicon wafer

before the actual test and degradation or enhancement level after light soaking treatment.
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Figure 23. Schematic of the photoluminescence imaging system.
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Chapter 4 Hydrogen-induced contact

resistance at metal-semiconductor interfaces

4.1 Overview

This chapter investigates the contact resistance change of PERC and TOPCon specimens. Through the
modification of PERC samples, different current paths to measure the sample resistance are achieved,
elucidating crucial new insights into H-mediated interface degradation. IV and TLM measurements confirmed
that the resistance changes for PERC and TOPCon during bias annealing happen at Ag/n-type silicon interfaces.
The frequency of in-situ measurements also impacts the rate of change in contact resistance. Annealing before
IV measurements can act to significantly increase this change rate in resistance, likely through an increase in
the mobile hydrogen concentration at the Ag/n-type silicon interface. In addition, this chapter proposes a model
explaining the hydrogen dynamics at the Ag/n-type silicon interfaces to correlate the observed contact

resistance change during bias annealing.

4.2 Introduction

Chapter 2 explored the degradation dynamics in the PERC and TOPCon specimens. For PERC, the main
recombination problem is light and elevated temperature-induced degradation (LeTID) [28]. Although the
actual mechanism behind it is still unclear, a range of reports have provided evidence of the involvement of
hydrogen in the formation of LeTID defects [29, 121, 189]. One approach to overcome this problem is a
thermal treatment in the range of 300 T — 500 <C, which is very effective in recovering Voc in PERC cells
[190]. However, this treatment can cause severe deterioration of the fill factor (FF), which is dominated by an
increase in series resistance (Rs) [30, 123, 124]. Previous observations indicated that the change in Rs is related
to a flow of charged particles with hydrogen as a likely candidate since it is known to be mobile at room
temperature [125]. Therefore, studying the change in series resistance during annealing and finding a method

to control the degradation process can help us understand hydrogen kinetics inside the PERC samples.
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For TOPCon solar cell, performance is not affected by BO-LID since the use of n-type silicon as the
main substrate reduces the BO defects, but LeTID is still observed in n-type silicon specimens [105, 191]. And
this degradation is related to the firing-induced deterioration in passivation schemes [32, 33]. It has been
reported that post-metallisation annealing in the range of 300 °C and 400°C can help to mitigate this
degradation, which is highly similar to the method used to mitigate LeTID in PERC structures [131]. It is
hence possible that there is a link between the formation of the detrimental defects and the following thermal

annealing treatment, and that such a link relates to the behaviour of hydrogen in these cell structures.

Hydrogen is almost impossible to be directly detected when working with solar cells. Therefore, in this
work, | used the change in series resistance as the method to investigate the hydrogen kinetics inside of these

architectures.

In this chapter, the impact of hydrogen induced contact resistance (HICR) in industrial PERC and
TOPCon solar cells is studied. Industrial commercial PERC and TOPCon cells were used in this study. |
demonstrate that HICR occurs both in TOPCon and PERC solar cells. The application of cycling forward
current and reverse bias conditions controls the speed and extent of the contact resistance degradation. The
degradation occurs purely at the n-type Si to silver contact on both cell architectures. Lastly, | propose a
hypothesis by which these changes occur, based on the impact of the applied electric fields on the concentration

and movement of charged hydrogen particles at the silicon surface.

4.3 Experiment Set Up

The series resistance change (ARs) of solar cell specimens (PERC, mPERC and TOPCon) were tested in
a dark box during annealing under an applied bias, as described in Chapter 3. ARs was extracted in the range
of 0-0.2 V forward bias using the initial Rs at elevated temperature as the reference value. I-V characterisation
was performed before and periodically during annealing. | established a system to control heating temperature,
applied bias, and measurement frequency, to produce different experimental conditions that lead to changes in

the series resistance of the different specimens.

Figure 24.a illustrates the geometry of the original PERC cell received from UNSW and the measurement
set-up used to measure series resistance from the front Ag contact to the rear Al contact, including resistance

inside the device structure, labelled as current path (1). In this work, a new modified geometry is developed to
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enable measuring different components of series resistance separately. Figure 24.b shows a schematic of the
measurement set-up with the second direct aluminium front contact to the emitter. Four sets of measurements
were performed to obtain the resistance change between (i) the front Ag finger and the rear Al contact in the
original PERC specimen ((1) in Figure 24.a), (ii) the front Ag finger and the rear Al contact in the modified
PERC specimen (1) in Figure 24.b), (iii) the front Ag finger and the new front Al contact of a modified PERC
specimen (2 in Figure 24.b) and (iv) the front Al and the rear Al contacts of modified PERC specimen ((3)
in Figure 24.b). Original and modified samples were measured at 400°C for a total of 180 minutes with
intervals of forward and reverse (+0.5V) biases applied for 30 min each, periodically, in between each

measurement. This technique is referred to as ‘biased annealing’.

SMU 1 SMU
I FrontAg contact
—  SiNgH
T~ n+ emitter
— p-type Cz Si
e Passivation layer
(a) —— RearAlcontact  (b)

Al plate Al plate
Hot plate Hot plate

Figure 24. Schematic of the measurement model for samples with different geometry. (2) unmodified geometry and
circuit: @ Measurement from front Ag to rear contact. (b) modified geometry and circuit: @O Measurement from front
Ag to rear contact @ Measurement from front Ag to front Al 3 Measurement from front Al to rear contact.

After confirmation of the origin of the increase in the series change of PERC specimens from UNSW
during bias annealing, further experiments were tested on the original PERC received from Trina and TOPCon
cells from Trina. The shift of the PERC specimens from UNSW to Trina was caused by the run-out of the
samples from UNSW. Figure 26.a illustrates the contact arrangement for measurements on PERC from Trina,
which measured ARs between the front Ag contact to the back Al contact. Figure 26.b illustrates the contact
arrangement for measurements on TOPCon cells, which measured ARs between the rear Ag contact to the
front Ag contact. As the polarity of the TOPCon cell was reversed compared to PERC, the cells were flipped
upside down so that I could use the same measurement polarity, as shown in Figure 26.b. The polarity of the

bias used follows the convention for a p-n junction, i.e. forward bias means positive bias on the p-type side.
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I hypothesise that the observed the Rs change is caused by the diffusion of the charged H ions during the
bias annealing process, so Rs change should be proportional to the mobile atomic hydrogen concentration
around the interface. Then, the impact of the bias annealing conditions on the Rs change of the PERC and
TOPCon specimens is studied. Figure 25 illustrates the flow chart of the experiment process. At first, the
impact of the annealing temperature on the Rs change of the PERC and TOPCon specimens is investigated, as
shown in Figure 25.a. The same bias conditions are applied on the PERC and TOPCon specimens with a cycle
of 500 mA forward current for 30 minutes followed by 2.5 V reverse bias for 30 minutes. The specimens were
subjected to a total of 150 minutes bias annealing process at different annealing temperatures (350 °C, 375 °C
and 400 °C) and the Rs change was measured during the process. After that, the influence of bias stress
conditions on the Rs change of the PERC and TOPCon specimens is investigated, as shown in Figure 25.b.
The specimens were subjected to a total of 180 minutes with 3 cycles of different forward currents (10 mA,
100 mA and 500 mA) for 30 minutes followed by 2.5 V reverse bias for 30 minutes at 400 ‘C. Rs change was
measured during the whole process. During the annealing treatment, the generation of the atomic hydrogen
and diffusion of hydrogen atoms happened at the same time [192, 193]. To mitigate the impact of the initial
atomic H concentration difference in the PERC specimens from UNSW on the further Rs change during bias
annealing treatment, the specimens have been through the pre-annealing procedure with 2.5 V reverse bias at
first. A set of samples were pre-annealed for 2 h at different temperatures from 325 to 400 °C. Then samples
were subjected to a total of 80 minutes process with 4 cycles of 10 mA forward bias for 10 minutes followed
by 2.5 V reverse bias for 10 minutes at 400 °C. Another set of samples were pre-annealed at 400 °C for different
duration times between 0 and 22 hours to separate the effects of temperature and time. Then these samples
were subjected to a total of 90 minutes process (4 cycles of 10 mA forward bias for 10 minutes followed by
2.5 V reverse bias for 10 minutes and followed by an extra 10 minutes of 10 mA forward bias treatment) at
400 °C. For the pre-annealed specimens, mobile atomic hydrogen has already distributed through the whole
cell 193], the impact from the bias should be dominant. | reduce the forward current during the IV
measurement from normal 500 mA to 10 mA to see how sensitive for the pre-annealed specimens to the bias

annealing treatment.
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Transmission line method (TLM) measurements were performed to isolate changes in the contact
resistance for both cell architectures. To do so, the busbar was removed from the cells by laser cutting to isolate
the current path after three cycles of forward bias annealing. The total resistance was measured as a function
of the distance between fingers. The finger pitch was ~1 mm measured with an optical microscope. The contact

resistance was extracted from the intercept of the resistance vs distance curve as detailed in Section 3.3.2.

’ . Rear Ag contact
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Figure 26. Schematic diagram (not to scale) of the measurement set up for observing in-situ changes in series resistance
for PERC cells and TOPCon cells. (a) PERC_B cells (b) TOPCon cells.

4.4 Origin of the series resistance increase in PERC

Reports in the literature have shown that the application of an electric field impacts the nature of changes
in Rs in PERC solar cells [124]. However, many aspects of the cell can contribute to increased Rs. To isolate
the region of the cell leading to severely increased Rs, | designed a modified cell MPERC, as depicted in Figure

24.b, which allows for the isolation of three distinct current pathways.

First, | performed in-situ monitoring on an original standard PERC specimen from UNSW to replicate
the results in Ref. [30], using current pathway (1) in Figure 24.a. In pathway (1), the Rs can be impacted by
(i) the front Ag / Si interface contact resistance (in contact with n+ emitter), (ii) resistance in the silicon bulk
and (iii) the rear Al / silicon interface contact resistance. A forward bias of 0.5 V was applied for a 30 min
interval, followed by an equal magnitude reverse bias for a 30 min interval at a temperature of 400 °C. The
changes in Rs were monitored in-situ and are displayed in Figure 27.a. The application of a forward bias causes
a significant increase in Rs. An increase of ~ 100 Q €m? is observed after 60 mins of exposure to forward bias.
The subsequent application of reverse bias leads to a suppression of Rs, however, the Rs does not return to the

initial value. This result closely matches the previous observations in Ref. [124].

66



The modified PERC structure was fabricated from original PERC cells to provide a deeper insight into
the cause of changes in the Rs. Before exploring the impact of different current pathways, the change in Rs
through pathway (1) in the modified cell is measured to verify that the fabrication sequence did not alter the
behaviour. The result for pathway 1 in the modified cell is displayed in Figure 27.b. In this case, the application
of forward bias leads to a significant increase in the Rs and the application of reverse bias suppresses this
increase. The response to the bias very closely resembles that for the original PERC cell shown in Figure 27 .a.
while Rs increases with the application of forward bias and decreases with the application of reverse bias. The
Rschange is saturated around 100~200 Q.cm? after the 3" forward bias treatment. ARs between the front Ag
to back Al could attain its highest value around 200 Q.cm?in the 3 forward bias treatment for the original
PERC, while ARs between the front Ag to back Al could attain its highest value around 300 Q.cm? for the
modified PERC. The difference of the highest Rs change could be related to the difference in sample (such as
defects around the interface and H concentration). Compared to the initial Rs with the value of 2~3 Q.cm?, the
change caused by the bias is more pronounced, so ARs is used as the main factor in the further test. These

results indicate that the subsequent sample preparation did not impact the response to HICR.

To isolate the contribution of the front surface on the change in Rs, current pathway (@) in the modified
cell was tested. Pathway (2) is displayed schematically in the green line in Figure 24.b. In this pathway,
contributions to Rs come from (i) the front Ag / Si interface contact resistance, (ii) the sheet resistance of the
n+ emitter and (iii) the front Al / silicon interface contact resistance. For this test, the front Ag metallisation is
the industrial screen-printed fingers while the front Al contact was thermally evaporated following SiNx
removal as shown in Figure 24.b. The change in Rs under forward and reverse bias conditions for pathway (2)
is displayed in Figure 27.c. These results very closely resemble those of pathway (1), shown in Figure 27.b.
The application of a forward bias leads to a significant increase in Rs. The magnitude of the increase in Rs is
higher than for current pathway (1). Indeed, values of Rs > 10 Q €m? are already extremely large and could
cause the loss of the fill factor ~50% relative [30]. The reverse bias causes a recovery of Rs. For pathway (2),
the impact of resistance in the wafer bulk and the rear Al / Si interface are eliminated. The observation that the
change in Rs appears very similar to pathway (1) indicates that the bulk and rear contacts do not play a

significant role in the increased Rs.

To test this hypothesis, current pathway (3) is tested, displayed schematically in brown in Figure 24.b.

In this pathway, contributions to Rs come from (i) the front Al / Si interface contact resistance, (ii) the
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resistance in the wafer bulk and (iii) the rear Al / silicon interface contact resistance. As such, this is the only
result without the contact resistance at the front Ag / Si interface. The change in Rs for pathway (3 is shown
in Figure 27.d. The results shown here are substantially different to the other three cases. The application of
forward bias does not lead to a substantial increase in Rs. In fact, the Rs reduces slightly. The first cycle of
reverse bias also decreases Rs, however, subsequent cycles cause a slight increase in Rs. This behaviour
indicates that the aspect of the cell causing the large increases in Rs is not present in pathway (3). Therefore,

I conclude that the contact resistance at the front Ag / Si interface with the n+ emitter is the primary cause of

HICR in PERC.
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Figure 27. The series resistance changes of the previous path and new path of modified and original PERC specimens.
(a) original path (: A as a function of annealing time and applied bias between the Ag and rear Al contacts for the
unmodified specimen. (b) modified path (D: ARs as a function of annealing time and applied bias between the Ag and
rear Al contacts for the modified specimen. (c) modified path @): ARs as a function of annealing time and applied bias
between the Ag and front Al contacts for the modified specimen. (d) modified path 3: ARs as a function of annealing
time and applied bias between the front Al and rear Al contacts for the modified specimen. Only one sample was used
for each bias annealing condition.
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4.5 Influence of temperature in Rs for PERC and TOPCon during bias
annealing process

In the previous section, it was demonstrated that HICR occurs at the Ag/n-type Si interfaces in PERC
samples. Due to the similarity of thermal treatments to mitigate the SRD in TOPCon and LeTID in PERC cells,
I study the potential for such thermal treatments to lead to hydrogen induced contact resistance in both of these
cell architectures jointly. In the last section, 0.5 V forward bias is used to increase the Rs during the bias
annealing. With the increase of the Rs at the Ag / n-type Si interface, the current across the whole cell is
decreased, which leads to the decrease of voltage bias across the junction and substrate. The saturation of Rs
could be related to the decrease of the driving force for the charged ions across the junction region to the
interface. To mitigate that impact, | switch a forward bias to a forward current for the forward bias annealing
process, so a constant bias is applied across the substrate and junction region. As shown in Figure 27, 0.5 V
reverse bias can mitigate the Rs change from 100 Q €m?to 10 Q €m?, but cannot reverse it to its initial value.
The strength of reverse bias with a value of 0.5 V might not be enough to mitigate the impact of the forward

bias annealing. Therefore, | increase the value of the reverse bias from 0.5V to 2.5 V for the further test.

Figure 28 displays the response of both PERC and TOPCon solar cells from Trina, as described in Section
3.1, to the bias-controlled annealing process in the range from 350 °C — 400 °C. The result for the PERC cell,
as shown in Figure 28.a, closely resembles that in Figure 27.a. At 400 °C, a significant increase in Rs is
observed following the application of a forward current. Subsequent reverse bias annealing immediately
suppresses this change. However, for lower temperatures, the change in Rs is much less pronounced. This
indicates that the temperature has a large impact on the kinetics of hydrogen induced resistance change in
PERC cells. For the TOPCon cell shown in Figure 28.b, the result at 350 °C is different to PERC. The PERC
cell is remarkably stable over the duration of the repeated forward current and reverse bias, however, the
TOPCon cell does display some increase in Rs, on the order of approximately 2 Q €m?. At 375 °C, this
difference in the response is even more pronounced. For the 400 °C case, the trend of the contact resistance
change is similar for PERC and TOPCon, however, the magnitude of change in Rs is larger for PERC at the
3 forward bias treatment cycle. These results demonstrate that TOPCon solar cells are also susceptible to
increased Rs when exposed to thermal treatments during the bias annealing process, which has a significant

impact on cell efficiency. The increase of the annealing temperature will lead to an increase in the Rs change
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during the forward bias annealing process. Besides that, increase of the reverse bias voltage to 2.5 V still cannot

totally mitigate the Rs change during forward bias annealing.
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Figure 28. ARs as a function of annealing time at various temperatures for (a) PERC and (b) TOPCon solar cells. The
samples were subjected to a cycle of 500 mA forward current for 30 minutes followed by 2.5 V reverse bias for 30
minutes. Only one sample was used for each annealing condition.

4.6 Influence of stress biasing conditions

In the previous section, | studied the impact of the annealing temperature for the Rs change for the PERC
and TOPCon specimens during bias annealing process and | demonstrated that the bias polarity-controlled
series resistance changes were observed on both the TOPCon and PERC architectures. To study the impact of
the strength of the applied electric field on the contact resistance change, | varied the magnitude of the applied
forward bias on the PERC and TOPCon specimens from Trina during bias annealing process. Figure 29
displays the response of both PERC and TOPCon solar cells to the bias-controlled annealing process with
forward biases of 10 mA, 100 mA and 500 mA at 400 °C. The reverse bias was kept the same in all cases, at
2.5 V. With 500 mA forward bias, a significant increase in Rs is observed in both architectures. However, the
subsequent reverse bias annealing does not have an identical response. In PERC, a rapid suppression is
observed in Figure 29.a, whereas the reduction under reverse bias in TOPCon is less pronounced in Figure
29.b. The minimum level of change in Rs following three cycles is thus significantly lower for PERC than

TOPCon.

Reducing the applied current to 100 mA further illustrates the difference in response. In PERC, the Rs

profile under forward and reverse bias very closely resembles that of the 500 mA case. However, in TOPCon
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at 100 mA shown in Figure 29.c, the first two cycles of forward bias have far less impact on the Rs. The Rs
increases with increase of the annealing time and the switch between the forward bias to reverse bias doesn’t
suppress this increase. A similar observation is made at 10 mA as shown in Figure 29.c. For TOPCon cells
with 10 mA forward bias and 2.5 V reverse bias, a continuous increase in Rs is observed and bias has negligible
impact on the change. The increase in resistance can be primarily attributed to the temperature. The difference
in response indicate that the cell structure impacts the movement of hydrogen to the contacts differently. The
forward bias used has a large impact on the kinetics of hydrogen induced resistance change in PERC and
TOPCon cells, which would have a significant impact on cell performance for different in-field operating

conditions.
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Figure 29. ARs as a function of annealing time at various forward biases at 400 °C for (a) PERC (b) TOPCon solar cells
and (c¢) comparison of the ARs for TOPCon specimens for the first two cycles of forward bias with different magnitude.
Only one sample was used for each bias condition.

4.7 Influence of measurement frequency

As described in the methodology in Chapter 3, the stress biasing source SMU?2 is turned off during I-V
measurements. The unit used for I-V characterisation, SMUL1, applies a stair function of current while capturing
voltage. This procedure could impact the mobile charged H species inside the structure. It would follow that
the frequency at which the measurements are performed would impact the results. To explore this hypothesis,

| set up an additional experiment where the rate of measurement was adjusted.

Figure 30.a shows the measured ARs with alternating forward and reverse applied bias for three different
measurement frequencies and biasing durations for the PERC samples from UNSW for the 420 minutes of
stress bias-annealing process at 400 °C. The samples were measured 60 times for one forward bias (500 mA)

cycle, and 60 times for the reverse bias (2.5 V) cycle for the IV measurement process as shown in Figure 30.c.
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During each measurement cycle, the time intervals for the application of the bias form SMU2 is varied between
20, 60, and 180 seconds to study the impact of the measurement frency on Rs change of the PERC specimens
during the bias annealing process, as shown in Figure 30.b. It is identified that the frequency of the
measurements not only increases the rate at which the resistance increases, but also significantly increases the
value of the resistance. ARs increased by almost three orders of magnitude in the first 20 minutes when the
measurements were performed every 20 seconds. However, the increase is less than an order of magnitude for
the same duration when the measurements are performed every 180 seconds. The final values of ARs also
differed significantly where the sample measured every 20s saturated around 200 Q.cm? after 300 min
measurement, while the sample measured every 180s only reached around 2 ©.cm? after 400 min measurement.
The apparent difference of Rs change in PERC from UNSW is due to the difference in measurement condition.

This demonstrated the importance of maintaining an identical measurement frequency when comparing results.

It is also important to note that ARs 4% -become unstable and unreliable once it exceeds ~ 20 Q.cm? Therefore,

comparisons amongst samples were performed at an identical measurement frequency at which measured ARs

values were stable and reliable, normally in the range <20 Q.cm?.
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In the measurement set up for Figure 30.c, the bias duration time for each bias cycle was different. To
separate the impact of the bias annealing time and measurement frequency, the impact of the measurement
frequency experiment was repeated while keeping the bias duration constant rather than the number of
measurements and adjusting the measurement intervals, as shown in Figure 31.c. Because the PERC specimen
from UNSW ran out, this experiment was shifted to the PERC specimens from Trina. Figure 31. shows the
ARs for PERC and TOPCon specimens from Trina under different measurement frequencies with the same
duration time. Figure 31.a shows that AR for the PERC sample and the change in measurement intervals had
minimal impact on AR observed. The specimen measured every 20 s, 60 s and 180 s have approximately the

same AR; /dt.

For TOPCon measured every 20s, a significant increase in ARs with forward bias is observed, with a
subsequent reduction under reverse bias, as shown in the blue line in Figure 31.b. For TOPCon measured every
60s, a significant increase in ARs with 1st forward bias cycle is observed with less ARs /dt compared to the
specimen measured every 20s. However, the subsequent 1st reverse bias cycle annealing does not have an
identical response. ARs increases from 1 to 3 Q.cm? at first and then draws back to 2 .cm? under 1st reverse
bias cycle as shown in the orange line in Figure 31.b. For TOPCon measured every 60s, a similar increase in
Rs with 1st forward bias cycle is observed, compared to the specimen measured every 60s. Rs is still increasing
under the subsequent 1st reverse bias cycle annealing with small ARs /dt, as shown in the red line in Figure
31.b. For the TOPCon specimens measured every 60 s and 180 s, the change under reverse bias is more
pronounced in the 2nd and 3rd cycles. The impact of measurement frequency is observed in PERC from group
A and TOPCon cells from group C. There was almost no impact of measurement frequency for PERC

specimens from Trina.

Considering the link between LeTID and HICR, I speculate that the differences observed in different
specimens may originate from differences in H concentration, or changes in the Ag/Si interface morphology
of each specimen. When metal contacts a semiconductor, it produces a Schottky barrier contact with a high
concentration of interface states. These charge states can be occupied by the mobile atomic hydrogen during
annealing and cause an increase in the barrier height. For the PERC specimens from UNSW, Rs increased to
almost 60 Q.cm?after 150 mins 500 mA forward bias annealing treatment with measurement every 20 s, while
Rs increased to almost 1 Q.cm? s with measurement every 180 s, as shown in Figure 30. For the PERC

specimens from Trina, Rs increased to almost 10 Q.cm? after 150 mins 500 mA forward bias annealing
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treatment with measurement every 20 s, while Rs increased to the same value with measurement every 180 s,
as shown in Figure 31.a. The change in Rsfor the PERC from Trina is less than the Rs change in PERC from
UNSW with measurement every 20s at the same bias annealing conditions. The less Rs change could be related
to the fewer interface states in PERC from Trina, compared with the PERC from UNSW. For the PERC
specimens from Trina, the hydrogen concentration might be large enough for the interface states at the Ag/Si
interface, so the change of measurement frequency has less impact, compared with the specimens from UNSW.
The different responses for the Rs change in PERC from UNSW and Trina to the measurement frequency
should be related to the difference in specimens. These results would hence show that the manufacturing
conditions are of importance for the final H concentration, yet further investigation is required to isolate the
underlying mechanisms. Besides that, to study the series change of the solar cells at elevated temperatures, the
measurement condition should be kept at the same condition, due to the interface passivation quality change
caused by the diffusion of charged ions (hydrogen) driven by the electric through the whole cell. The IV
measurement condition affected the measured Rs change during the bias annealing process and might lead to
the measured Rs change to a different extent for the different specimens. The possible mechanism behind this

phenomenon will be discussed in Section 4.10 Discussion part.
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Figure 31. ARs as a function of annealing time and applied bias for (a) PERC and (b) TOPCon sample with a period
between measurements of 20 s (blue), 60s (orange) and 180 s (red). Only one sample was used for each measurement
frequency condition. (c) experimental flow chart of the IV measurement process.

4.8 Influence of pre-annealing

This work indicates that the change of series resistance during annealing appears to be related to the
conditions of the charged H species, which respond to an electric field polarity, and hence the changes are

controlled by the bias conditions [30]. Provided that the cause of increased Rsis hydrogen passivation of the
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interface, such ARs should be proportional to the mobile hydrogen concentration in the structure available to
passivate. Hydrogen is released from dielectric layers during firing and hydrogen atoms are trapped in unstable
forms such as hydrogen complexes bound to the impurities or hydrogen dimers during the subsequent rapid
cooling process [138, 190, 194-196]. Subsequent annealing causes a change in the concentration of available
H concentration through an increase in the overall concentration of the mobile atomic hydrogen atoms during
thermal processing [196, 197]. To investigate the impact of increased H concentration on ARs, samples have

been pre-annealed and different pre-annealing conditions have been tested.

Figure 32.a shows the series resistance changes of four samples pre-annealed with 2.5 V reverse bias at
four different temperatures between 325-400 °C for two hours before being bias-stressed and 1-V characterised
for 80 minutes under alternating forward and reverse bias at 400 °C. For the specimens pre-annealed for 2 h
below 350°C, the application of forward bias does not lead to a significant increase in Rs after 4th forward bias
cycle at 400 °C. The ARs of the specimen pre-annealed for 2 h at 375°C increased to 1 Q.cm?after 4th forward
bias cycle at 400 °C, while ARs of the specimen pre-annealed for 2 h at 400°C increased to 3 Q.cm? at the
same condition. The results demonstrate that higher temperature pre-annealing condition causes a faster and
higher increase in ARs with the same applied bias. It confirms that the concentration of active H species
involved in the R increase depends on pre-annealing temperature. The results also suggest that the mechanisms
causing front contact increases are boosted at 400<in comparison with lower temperatures. Hence, | decided
to perform I-V characterization at 400°C and investigate the effect of pre-annealing duration on contact
resistance changes. Figure 32.b shows the series resistance change of six samples pre-annealed at 400 ‘C for
different durations from 0 to 370 minutes under 2.5 V reverse bias before being forward-bias stressed and 1-V
characterised for 20 minutes under 10 mA bias. Figure 32.b shows that the increase of the pre-annealing time
increases the rate of resistance change. The highest resistance change occurred in the sample with 290 mins
pre-annealing, where ARs was above 10 Q.cm? after only 20 mins measurement. However, samples with longer
pre-annealing exhibited a smaller rate of resistance change. The sample with 370 mins pre-annealing had less
than 6 Q.cm? resistance increase. This showed that increasing the length of pre-annealing time leads to ARs
increase in the beginning, which is consistent with the annealing time used for mitigation of LeTID [194].
Further increase of the pre-annealing time causes less ARs, which should be related to the hydrogen effusion

in silicon solar cells in long-term thermal processing.
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Figure 32.c shows ARs of the sample pre-annealed with 2.5 V reverse bias with different pre-annealing
time from 0 to 22 h at 400°C before being bias-stressed and 1-V characterised for 90 minutes under alternating
500 mA forward and 2.5 V reverse bias at 400 °C. The highest ARs occurred in the sample with 3 h pre-
annealing, where ARs was around 3.1 Q.cm? after the 5th forward bias cycle. ARs of the specimen pre-annealed
22 h was around 1.5 Q.cm?after the 5th forward bias cycle. Figure 32.d shows the rate of the series change of
the PERC specimens under the forward bias cycle of the specimens shown in Figure 32.c at 400 °C. The
annealing time includes the time for the pre-annealing procedure and the measurement cycle time. The rate of
the series change is calculate based on the formula 3.24, where the ARs represents the series change between
the value before the forward cycle and the value of after the forward cycle and trorward cycie represent the forward

bias annealing time (here is 10 mins).

ARS _ R.S‘ after the forward cycle — RS before the forward cycle (3 24)

dt trorward cycle
Pre-annealing PERC specimens between 2 and 3 h at 400 °C leads to the highest ARJ/dt rate around 0.27
Q.cm?/min at the 5th forward cycle, while 2.1763 Q.cm?min for specimen pre-annealed 2 h and 2.2767
Q.cm?/min for specimen pre-annealed 3 h. The specimens pre-annealed in the region between 2 and 3 hours
shows the highest change rate among the tested specimens. With increase of pre-annealing time, a subsequent
decrease in the ARJ/dt rate is observed. The subsequent decrease after times longer than 3 h could be related
to hydrogen concentration change during excessively long annealing periods. The change of Rs for specimens
pre-annealed 22h is still bias controlled and ARs/dt rate decreased to 0.11 Q.cm?/min at the 5th forward cycle.
This indicates that the concentration of the mobile charge ions is decreased with the increase of annealing time.
These results show a correlation between the pre-annealing conditions that lead to large rates of change and
thermal treatments that have been reported for the mitigation of LeTID [194]. Based on the difficulty of finding
a LeTID treatment that does not cause HICR [198, 199], it is likely that these two effects share a common

cause or are at least some correlations.
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PERC samples pre-annealed for 2 hours with different temperature
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Figure 32.The effect of Pre-annealing conditions for the contact resistance change for PERC samples (a) ARs of
specimens at 400°C after 2.5 V reverse bias annealing with different temperatures for 2 hours (b) ARs of specimens
under forward bias after 2.5 V reverse bias annealing with different time at 400°C. (c) ARs of the sample under 500 mA
forward and 2.5 V reverse bias cycle after 2.5 V reverse bias annealing with different pre-annealing times at 400°C. (d)
the ARs rate of the sample under 500 mA forward and 2.5 V reverse bias cycle after 2.5 V reverse bias annealing with
different pre-annealing times at 400°C. Only one sample was used for each pre annealing condition.

4.9 Contact resistance in TOPCon vs PERC

In Section 4.4, it has been identified that the increase in Rs in PERC is related exclusively to increased
contact resistance at the front contact (n+ emitter). To better understand the HICR phenomenon in TOPCon
solar cells, transmission line method (TLM) measurements are used to isolate changes in the contact resistance
for both cell architectures. The results are displayed in Figure 33, where the error bars correspond to the
goodness of the linear fit. For PERC devices, the TLM measurements were performed on the front surface and
are displayed in red in Figure 33. To better understand the changes in TOPCon cells, TLM measurements were

performed on both the front and rear surface, this data is displayed in blue and yellow in Figure 33, respectively.
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For PERC, a clear trend of increased contact resistance as a function of annealing temperature is observed.
This result closely matches the observations in Figure 27 and Figure 28 as expected, and is in agreement with
previous work in the literature [30]. It shows that the change in Rs is related to contact resistance on the front

surface and that the temperature plays a large role.

In TOPCon cells, measurements on the front surface (referring to the p+ boron emitter) showed little
variation. The change in contact resistance for each temperature are all almost within one standard deviation
from the initial average value. However, measurements on the rear side (tunnel oxide / n+ doped polysilicon
layer) display a significant increase. This change occurs on the surface consisting of the n+ doped layer
contacted by screen-printed silver, which is the same type of contact as for the front surface in PERC. The
slope in the TLM curve was not significantly altered, implying that the changes observed are dominated by
contact resistance, rather than changes in the emitter sheet resistance. It is possible to conclude unambiguously
that for PERC and TOPCon cells, the instability of contact resistance changes upon bias-stress annealing is

due to the n-type silicon/Ag contact interface.
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Figure 33. Contact resistance values extracted from TLM measurements for biased annealing at various temperatures.
The measurements were taken on samples after the completion of the third cycle of 30 min forward current. This
represents the point of maximum degradation in this experiment. The errors on the initial values represent the standard
deviation of three samples. Only one sample was used for each annealing condition, the errors shown for annealed
samples represent the 95% confidence interval of the linear TLM fit. All values shown are in ohms (Q).
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4.10 Discussion

This chapter has unequivocally demonstrated the impact of electric fields on the series resistance change
in PERC and TOPCon architectures without light soaking at elevated temperatures. The increased Rs were
observed in both architectures, following the application of a forward bias between the front and rear metal
contacts at elevated temperatures. The application of a reverse bias was able to reverse this increased Rs to a
certain extent. The temperature of the cell during exposure to electric fields and the stress of the bias
significantly impacted the amount of Rs change for both architectures. Increasing the annealing temperature
from 350 to 400 °C increases the Rs change from 0.1 to 30 Q.cm? for PERC and 2 to 20 ©.cm? for TOPCon
architectures, as shown in Figure 28. Increasing the amount of forward bias from 10 to 500 mA current
increases the Rs change from 2 to 10 Q.cm? for PERC and 10 to 20 ©.cm? for TOPCon architectures, as shown
in Figure 29. Through the modification of the PERC geometry and IV measurement, the different current
pathways are isolated, and it is confirmed that the increased Rs occurs at the front surface near the junction
between the Ag contact and the n-type silicon region. Through the TLM measurement, it confirmed that the

increased Rs occurs on the rear surface between the Ag contact and the heavily doped n+ poly-Si layer.
The Rschange of PERC and TOPCon during the bias-annealing treatment shows some similarities:

1. Electric fields between the cell front and rear contacts can modulate the Rschange
2. The direction of the field impacts this modulation.
3. Anincrease in the temperature or magnitude of the bias leads to a more pronounced increase in Rs

4. This change occurs at the Ag/n-type Si interface.

However, there are still some differences between the Rs response of PERC and TOPCon structures to

the bias-annealing process:

1. TOPCon structures show a more significant “irreversible” component during the annealing process,
which is identified as a higher value of the Rs change at the end of the 3rd reverse bias cycle, as
shown in Figure 28.b and Figure 29.b.

2. TOPCon structures exhibit a different temperature response. TOPCon specimens still exhibit a
substantial increase in Rs change at 350 °C, as shown in Figure 28. However, when the sample is
cooled down at RT and TLM measurement is taken, this increase is no longer observed, as shown

in Figure 33.
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3. TOPCon structures show a different response to the low bias current. A clear reversible Rs change
is observed in the PERC structure with 10 mA forward current and 2.5 V reverse bias cycle, while

almost no impact on the observed Rschange in the TOPCon structure, as shown in Figure 29.

Numerous studies indicate that H plays an important role in the LeTID of PERC cells, while the defect
concentration increases with the increase of hydrogen content [112, 191, 200]. However, the kinetics of
hydrogen behind it is still not clear. It has been reported that the PERC specimens after LeTID mitigation
thermal treatment process are stable during the further prolonged light soaking test [163, 190]. It is
hypothesised that prolonged annealing causes the effusion of the hydrogen atoms from the cells and the
reduction of the remaining hydrogen concentration inside the cells leads to the recovery of the cells. For the
PERC specimen pre-annealed with 2.5 V reverse bias at 400 °C for up to 22 h, it still shows the increase of Rs
with forward bias and a decrease of Rs with reverse bias, shown in Figure 32.c. The bias-controlled resistance
changes after prolonged annealing indicate that there is still enough hydrogen inside the cells after long-term
annealing, which is in clear contradiction with the hypothesis that the majority of hydrogen atoms effused from
the cells. The LeTID mitigation treatment in literature [98, 101] therefore does not require the removal of all
H from the cells, but rather that it is transformed to more stable forms than the mobile monoatomic species,

whether in the bulk or near-surface regions.

| explained the dependence of the series change of the PERC cells on the applied bias through the effect
that the migration of the hydrogen near the Ag/n-Si interface. When the metal is intimately connected to the
semiconductor, the Schottky barrier is formed at the interface with the existence of a high concentration of
interface states [201]. The biasing operations allow hydrogen species to accumulate in the different regions of
the cells, leading to the change of the passivation at the Ag/Si interface. The movement of hydrogen in silicon
occurs largely via interstitial sites and thus the charge state plays a large role in the motion of hydrogen [197].
Hydrogen atoms in silicon exist in three charge states, negative (H), neutral (H°) and positive (H*). It is widely
accepted that the position of the Fermi energy (Er) influences the fractional concentration of the three possible
charge states, such that H* is typically dominant in p-type silicon and H- is typically dominant in n-type silicon
[149, 197, 202]. The impact of the different bias conditions on the energy band diagram is shown in Figure 34.
Figure 34.a describes the p-n junction in a PERC solar cell, contacted by an Ag contact, under reverse bias
conditions. Under reverse bias, the electric field across the junction is increased, which greatly reduces the

migration of H* from the bulk into the n-type emitter. A large number of the interface states are unoccupied at
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the Ag/n-type Si interface, leading to the small Schottky barrier height with low contact resistance. Conversely,
under forward bias, the electric field across the junction is reduced and the H* has the possibility to cross the
p-n junction and be converted to H-, which increases the concentration of H in the emitter, as schematically
shown in Figure 34.b. Then, the mobile hydrogen interacts with the unoccupied interface states, leading to the
increase of the Schottky barrier height, as shown in Figure 34.c. Due to the increase of Schottky barrier height,

fewer electrons can tunnel through the barrier, which corresponds with the increase of the contact resistance.
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Figure 34. Schematic of band diagram of the PERC specimens under different bias conditions. (a) under reverse bias (b)
diffusion of the hydrogen atoms from p-type silicon to n-type silicon under forward bias (c) occupation of interface
states under forward bias.

To explain the impact of the measurement frequency on the change in series resistance of solar cells in
Section 4.7, the electric field at the Ag/Si contact itself should be considered. The Schottky barrier also acts as
an obstacle for H™ ions to occupy these interface states. When the applied forward bias from SMU 2 is removed
and the measurement bias from SMU 1 is applied, as detailed in Section 3.3, the Schottky barrier height is
reduced by a small amount. H™ ions have more possibility to diffuse to the Ag/Si interface and deactivate the
interface states, which leads to a reduction in the Fermi level pinning and an increase in the Schottky barrier
height. When the measurement frequency is increased, the frequency for the reduction of the obstacle for H-
ions is increased, hence causing the increase of resistance change rate. Once the interface is passivated with
enough hydrogen atoms, the Schottky barrier is oversaturated and can be broken down by the localised large
electric field generated by the applied bias, which causes the sudden reduction in the series resistance of the
cells during bias annealing. That is the reason why the Rs change should be kept in the range <20 Q.cm? during

the bias annealing process.

In the case of a TOPCon structure, the Rs change during the bias annealing process is more complicated.
Firstly, the Rs change is observed at the rear contact of the TOPCon specimen, while the Rs change occurs at
the front contact of the PERC specimen. Secondly, the kinetics of hydrogen is more complicated in the
polysilicon layer. The polysilicon layer directly under the rear metal acts as a sink for the mobile hydrogen,

due to the existence of a high concentration of the defects and grain boundaries in this layer [52, 203]. For
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these reasons, it is expected that the kinetics and dependence on applied bias might be varied between PERC
and TOPCon structures. However, TOPCon structures still have a strong response to applied bias. When a
forward bias is applied across the p-n junction in TOPCon specimens, the hydrogen atoms stored in the p*
emitter will drift across the junction into the n-type bulk part. Through the increased gradient of H
concentration in the bulk part, further H diffusion across the Si/tunnel oxide/n+ poly-Si is achieved. Another
finding is that applied bias has an impact on the resistance change of the metal contact interface itself. When
the interface is not saturated with sufficient hydrogen atoms, the contact resistance is low and this impact is
highly small. When enough interface states are occupied with the hydrogen atoms during bias annealing
treatment, the contact resistance increases significantly and applied bias will appear as a voltage drop across
the contacts. In the case of PERC architectures, this impact is highly small, given the capacity to almost
completely suppress HICR with reverse bias annealing treatment [204]. In the case of TOPCon architectures,
this impact may be more prominent, due to the high concentration of H present in the poly-Si and tunnel oxide
layers. This correlates with the comparatively small Rs change or TOPCon structures during the first
forward/reverse bias cycle, as shown in Figure 28.b, Figure 29.b and Figure 31.b. Identifying the sereies
resistance change in PERC and TOPCon cells and confirming the response regions still have a profound effect
on further studies exploring degradation mitigation pathways and developing manufacturing process strategies

in these two architectures .

4.11 Summary

In this chapter, the impact of the electric field on the nature of the instability of the series change in both
PERC and TOPCon solar cells is investigated, especially associated with hydrogen dynamics at the interface.
Through the modification of the commercial PERC cell with the isolated current pathways, it is identified that
increased Rs under forward bias almost exclusively occurs at the interface between the Ag contact and the n+
emitter for the PERC architecture. For the first time, | show that hydrogen induced contact resistance (HICR)
also occurs in the TOPCon architecture. The temperature of the cell during the bias annealing process and the
polarity and magnitude of the electric field impacted the extent of HICR for both PERC and TOPCon solar
cells. It is identified that the root cause of the increased Rs in TOPCon is the contact resistance change between
the Ag contact and the heavily doped n+ poly Si layer through the TLM measurement. Furthermore, given the

results that HICR in PERC and TOPCon architectures occurs at Ag/n-Si interface, it is proposed that the cause
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of the instability of the series resistance change is the migration of mobile hydrogen near this interface. The
migration of the hydrogen atom is controlled by its charge state and electric field across it. However, the exact
mechanisms of this hydrogen accumulation in TOPCon structures require further exploration. The application
of the electric field can provide insight into the role of hydrogen in the series resistance change of the
commercial PERC and TOPCon cells and the development of processing strategies to mitigate degradation

and enhance stability in these architectures.

83



Chapter 5 Controlling and tailoring H

injection across a dielectric-silicon interface

5.1 Overview

This chapter investigates the impact that a surface electric field has on the nature of surface-related
degradation in TOPCon solar cells. The surface polarisation of TOPCon lifetime samples was achieved by the
application of corona charge while the samples underwent light soaking at elevated temperatures. It is observed
that the application of a positive charge on the surface drastically enhances the amount of surface-related
degradation. Increasing the surface charge leads to more degradation in the minority carrier lifetime and a
pronounced increase in Jo. In contrast, the application of the negative charge on the surface does not impact
the amount of degradation. It is proposed that the cause of degradation is the accumulation of excessive
hydrogen near the c-Si / SiOy interface and that the application of surface charge accelerates the movement of

hydrogen to the interface.

5.2 Introduction

Chapter 2 explored the degradation dynamics in TOPCon specimens. The high efficiency of TOPCon
cells is achieved through good passivating contact schemes based on a thin tunnelling oxide / doped polysilicon
layer stack. Firing-induced degradation has been observed in such n+ poly-Si / tunnel SiOx layers at the rear
of TOPCon cells [79, 81, 82, 205]. A range of reports have provided evidence of hydrogen involvement for
these instabilities during light soaking, including varying the firing conditions, type of hydrogen-containing
dielectric, and removal of SiNx layer [33, 34, 127, 128]. This lifetime degradation correlated with an increase
of Jo and was triggered by an industrial-type firing step [32, 33]. This indicates that the firing-induced
degradation is caused by the deterioration of the surface passivation layers. It has been reported that the
increase in Jo during degradation correlates with an increase in hydrogen concentration, implying the formation
of hydrogen-induced defects near the c-Si surface, at the Si/SiOx interface [34]. To date, however, little is
understood about root causes for this firing-induced surface-related degradation (SRD), such that suitable

mitigation approaches can be developed.
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One possible approach to modify the diffusion of H in tunnel oxide structure is the application of electric
fields to control the movement of charged hydrogen ions during various degradation conditions. This approach
originates from the work of Hamer et al., who observed increased contact resistance in PERC cells following
a post-firing thermal treatment [30]. It showed that the application of an electric field during degradation could
accelerate or suppress the increased contact resistance, depending on the direction of the field. In Chapter 4,
the instabilities of contact resistance change were also observed in TOPCon solar cells, implying that electric
fields can modulate degradation. It has also been reported that surface electric fields have an impact on the
resulting surface passivation after the firing of hydrogen-containing dielectrics [134]. These works show that
the application of surface electric field could open new ways to control H migration and potentially mitigate

SRD.

In this chapter, | explore the impact that surface polarisation, induced by corona charging, has on the
firing-induced SRD of thin oxide / n+ doped poly-Si passivating schemes. The presence of an electric field at
the surface through the corona charge during light soaking can accelerate the deterioration seen in surface
passivation of samples. This provides further evidence that this SRD is likely caused by the movement of

charged particles near the interface, most likely hydrogen ions.

5.3 Experimental Procedure

Experiments in this work were carried out on the full-size TOPCon lifetime architectures from group D
to group I, as described in Section 3.1. The effective lifetime tetr is measured as a function of the excess carrier

density An at ~ 25 <C using the WCT-120 Photoconductance lifetime tester. The e Of the TOPCon sample is

extracted at a fixed excess carrier concentration of An =1x10® cm=2. The recombination current density Jo is

extracted at a fixed excess carrier concentration of An = 1x10% cm~2 using the Kane and Swanson method

[206]. Corona discharge is used to create a surface electric field without needing a metal contact, as detailed
in Section 3.2.2. The corona charging was performed continuously throughout the experiments, due to the
vanish of the corona charge voltage at the surface caused by the thermionic emission at elevated temperature
[169, 207]. Figure 35 shows the measurement set-up and test conditions for TOPCon lifetime specimens. A
closed loop controlled hot plate is used to heat the sample on the Al stage at a temperature of 175 °C. Two

different light sources were used during the light soaking in these experiments, depending on the compatibility
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with the corona charge box. Figure 35.a shows the measurement set up for specimens under 1.1 Suns light
soaking without corona charge at 175 °C. Samples were illuminated by halogen lamps (with a wavelength
range of 320-1100 nm) with an equivalent illumination intensity of 1.1 Suns as measured by a calibrated silicon
solar cell. Figure 35.b shows the measurement set up for samples tested in the dark corona charging box,
without illumination, at 175 °C. Figure 35.c shows the measurement set up for specimens under 0.1 sunlight
soaking with corona charge at 175 °C. The specimens tested in the corona charging box were illuminated with
normal commercial LED lamps (with a wavelength range of 275-950 nm) reaching an illumination intensity
of 0.1 sun as measured by a calibrated silicon solar cell, due to physical constraints on the experimental design.
Single junction solar cells can absorb the light in the wavelength range between 300 and 1100nm [207] and
these two types of lamp can supply the light with the wavelength in that range. Figure 35.d shows the schematic
of the structure of nnnTOPCon lifetime specimens used in this chapter. The structure of the other specific types

of TOPCon specimens used will be put in the related section.
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Figure 35. Schematic of measurement set up and test conditions for TOPCon lifetime specimens. (a) 1.1 suns
illumination without surface polarisation at 175 °C. (b) surface polarisation without light illumination at 175 °C. (c)
surface polarisation with 0.1 sun light illumination at 175 °C. (d) schematic of structure of nnnTOPCon lifetime
specimen.

This experimental setup aimed to evaluate the effects that light illumination and surface polarisation have
on TOPCon lifetime structures. It is noted that the corona charge, and thus the modified surface electric field,
was only applied to the front surface. The effective lifetime ter and recombination current density Jo were
evaluated before and after each step of corona charge annealing. With control of light illumination, surface
polarisation generated by corona discharge, and annealing time, the impact of the surface polarisation of the

change for 1. and Jo on TOPCon lifetime specimens is investigated.
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5.4 Degradation and Recovery of TOPCon lifetime samples under light

illumination

Previous reports have shown that the degradation and recovery of symmetrical thin oxide / n+ doped
poly-Si lifetime structures are observed under 175 °C, 1 sun illumination conditions [128]. To verify such
degradation behaviour, TOPCon lifetime specimens with n-type substrate combined with thin oxide / n+ doped
poly-Si / SiNx layer on both sides (nnnTOPCon) from Trina were subjected to 1.1 suns light soaking on a hot
plate at 175 <C without corona charging, as shown in Figure 35.a. Figure 36 shows the change of 1ess and Jo of
nNNTOPCon under 1.1 suns illumination at 175 °C. The effective lifetime of nnnTOPCon undergoes severe
degradation from the initial value of ~ 6.8 ms, reaching a minimum value of ~ 2.7 ms after 7.6 h light soaking.
The reduction of the tefr is correlated with an increase of the Jo from 12.7 to 42.6 fA/cm? The time for
nNNTOPCon to reach the maximum degradation point at 175 °C correlates well with the time reported in Ref
[128] of around 8 h. With a further 1.1 sun annealing treatment, the subsequent recovery of et and reduction
on Jo were seen, almost back to initial values, after 400 hours of treatment, indicating that this degradation is
attributed to the deterioration in surface passivation. This degradation and recovery cycle in nnnTOPCon
specimens under 1.1 suns 175 °C annealing closely resembles those presented by Di et al. [33] and Chen et
al.[128]. This demonstrates that the samples investigated in this study are susceptible to the previously

identified SRD phenomenon.

T T T T T T 45
" Ten
7000 |- - n .
o / \ n 40
L /[
0 . [
= 6000 = . :‘ ‘\\ 4 35
~ /0
] R ] \ " &
£ 5000 "/ 1% §
g - 1 z
P » \ 25 s
% 4000 | ) .\ -
- [
R " \ 20
L " = \
3000 - m—="" \ -
s L] l,k_,_i- 15
2000 Lot : 1 L L L 10
0 102 10" 10° 10" 102 10°

175 °C annealing with 1.1 sun illumination time (h)

Figure 36. The change of effective lifetime tefs and recombination current density Jo of TOPCon lifetime specimens with
n-type substrate combined with thin oxide / n+ doped poly-Si / SiNx layer on both sides under light soaking under 1.1
suns light soaking at 175 °C. Only one sample was used for this test.
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5.5 Surface Polarisation without light illumination

To isolate the impact of the surface polarisation and the light illumination, nnnTOPCon specimens from
Trina were tested only in the presence of the corona charge without illumination at first, as shown in Figure
35.b. Figure 37 displays tefr and Jo change of the nnnTOPCon specimens under 4 different test conditions: (i)
Control sample: Kept in dark box, (ii) Anneal only sample: Annealed at 175 °C, (iii) Positive Corona: Annealed
at 175°C with positive corona (1pA), and (iv) Negative Corona: Annealed at 175°C with negative corona
(1pA). The data in black triangles was a measurement control, which was kept in a dark box at room
temperature without annealing or corona charging. This control sample was almost unchanged during the
experiment, indicating the good stability of specimens at room temperature without illumination, as shown in
Figure 37.a and Figure 37.b. The sample that underwent dark annealing but was not subjected to corona
charging exhibited slight degradation. The lifetime was reduced by 0.5 ms, as shown in red squares in Figure
37.a. The Jodecreased from 20.7 to 19.7 fA/cm? after 12 h treatment, as shown in red squares in Figure 37.b.
This indicates that the 175 °C annealing does not cause the deterioration of the surface passivation. However,
the lifetime change ~ 0.5 ms for the specimen during dark annealing at 175 <C (red squares in Figure 37.a) was
much less pronounced than the lifetime change ~ 4.1 ms for the specimen under 1.1 suns 175 <C annealing

shown in Figure 36.

The application of a negative corona charge on the surface (gold triangles) led to little change in lifetime
during the dark annealing. During the 12 hours of testing, the lifetime was reduced by ~ 300 ps, which was
slightly less than for the sample without corona charge, as shown in Figure 37.a. The Jo decreased from 17.9
to 17 fA/cm? after 12 h treatment, as shown in the gold triangles in Figure 37.b. In sharp contrast, the
application of a positive corona charge to the surface during annealing (blue circles) led to significant
degradation. The lifetime was reduced by > 2 ms, from 8.4 ms to 6.2 ms after 12 h treatment, as shown in
Figure 37.a. This reduction correlated with an increase in Jo from 14.9 to 16.5 fA/cm?, which was not observed
for other samples, as shown in Figure 37.b. This indicates that surface polarisation impacts surface-related
degradation, even under dark conditions where the degradation is less pronounced. Hereafter, this effect is

referred to as electric field-induced degradation (EFID).
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Figure 37. (a) terr and (b) Jo for nnnTOPCon samples exposed to various corona charge conditions during dark annealing
at 175 <C. (i) Control (black triangle): Kept in dark box, (ii) Anneal only (red squares): Annealed at 175 °C, (iii)
Positive Corona (blue circles): Annealed at 175°C with positive corona (1A), and (iv) Negative Corona (gold
triangles): Annealed at 175°C with negative corona (1j4A). Only one sample was used for each dark bias annealing
condition.

Due to the severe degradation observed with positive charge annealing treatment, EFID is further
investigated by applying the positive corona charge on a new set of nnnTOPCon samples. Figure 38 displays

the e and Jo changes of the nnnTOPCon samples under three different positive corona charge conditions:

0] Control (orange squares): Kept in dark box at RT (room temperature),
(i) Positive corona at RT (red squares): positive corona (1A) at RT, and

(iii)  Positive Corona at 175°C (blue squares): positive corona (1uA) at 175°C.

The application of positive corona charge to the surface at 175 °C (blue squares) led to significant
degradation of the lifetime around 2.2 ms after 12 h treatment, while the application of positive corona charge
to the surface at room temperature led to loss of effective lifetime around 0.4 ms, as shown in Figure 38.a. The
specimen with positive corona charge at elevated temperature shows an increase of Joaround 1.6 fA/cm?, as
shown in the blue squares in Figure 38.b. The Jo of specimen with positive corona charge at room temperature
was stabilised around 20.4 fA/cm?for the first 10 h, but increased to 21.5 fA/cm? after a further 2 h treatment,
as seen in the red squares in Figure 38.b. This provides a clear indication that surface polarisation has an impact

on the SRD and that the application of positive charge can accelerate the process at elevated temperatures.
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Figure 38. (a) terr and (b) Jo for nnnTOPCon samples exposed to various conditions. (i) Control (orange squares): Kept
in dark box at RT (room temperature), (ii) Positive corona at RT (red squares): positive corona (1j4A) at RT, and (iii)
Positive Corona at 175°C (blue squares): positive corona (14A) at 175°C. Only one sample was used for each bias
annealing condition.

5.6 Surface Polarisation with light illumination

Next, the nnnTOPCon samples from Trina were tested under illuminated, heated, and corona-exposed
conditions, as shown in Figure 35.c. In the last section, the nnnTOPCon specimen under 1A negative corona
annealing at 175 °C showed the similar trend for the lifetime change of n(nnTOPCon specimen under annealing
only condition. 1pA negative corona might not be enough this degradation, therefore I increase the negative
corona current from 1 to 4 pA. To achieve a direct comparison between the impact of positive corona and
negative corona during the illumination annealing test, the positive corona current is increased from 1 to 4 PA.
Since illumination was reduced to 0.1 suns, it is expected that the rate of degradation could also be modified.
It is noted that the maximum degradation with around 60 % lifetime loss will be achieved after around 8 h 1.1
suns 175 °C annealing treatment, as shown in Figure 36. Figure 39 shows the terf and Jo of nnnTOPCon

specimens under three corona charge conditions under 0.1 sun illumination at 175 <C:

0] Negative corona (orange triangles) of 4pA current at 175°C,
(i) Anneal only (red squares): annealed at 175 <C, and

(iti)  Positive Corona of 4uA current at 175°C (blue squares).

For the specimen annealed only at 175°C with 0.1 sun illumination, the characteristic lifetime degradation
of around 4.7 ms after 24 h treatment was observed, as shown in red squares in Figure 39.a. This corresponds

with an increase of Jo around 18.1 fA/cm?, as shown in red squares in Figure 39.b. Comparing Figure 36 and
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Figure 39, it is noted that a reduction in illumination intensity causes a reduction in the degradation rate. Under
1.1 sun, a maximum degradation is observed after 7.5 hours, while the sample under 0.1 sun is still degrading
after 24 hours. Moving to the impact of corona charge, the application of negative corona charge with a
magnitude of 4 pA yields a very similar response to that observed on the annealing-only sample shown in
Figure 39. A similar increase in Jo is seen for this case, as shown in Figure 39.b. Specimens with 4 A negative
corona charge degrade from 5.2 ms to 2.9 ms after 24 h treatment, while specimens annealed only at 175 °C
degrade from 8.2 ms to 3.5 ms after 24 hours treatment, as shown in Figure 39.a. The presence of a positive
corona charge (blue circles) significantly impacts the degradation behaviour. In this case, the lifetime
was reduced from 6.9 ms to 0.7 ms after the 24-hour testing period. Figure 39.b shows that a corresponding
increase in Jo is observed, and it is much more pronounced with an increase of 37 fA/cm?. This shows that the

positive charge on the surface has a profound impact on the deterioration of surface passivation.
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Figure 39. (a) terr and (b) Jo for samples exposed to various corona charge conditions during light soaking under 0.1
suns at 175 <C. (i) Negative corona (orange triangles): negative corona (4piA) at 175°C, (ii) Anneal only (red squares):
annealed at 175 °C, and (iii) Positive Corona at 175°C (blue squares): positive corona (44A) at 175°C. Only one sample
was used for each bias annealing condition.

5.7 Influence of the magnitude of surface polarisation under light
illumination

In the previous section, | demonstrated that positive charge on the surface impacted the deterioration of
surface passivation under 0.1 sun illumination at 175 °C. In this section, | vary the magnitude of the applied
corona charge to study the impact of the strength of the surface polarisation on the ter and Jo change of
nnnTOPCon specimens from Trina. Figure 40 shows the impact of the varied magnitude of positive corona

charge on the et and Jo of the TOPCon_E specimens under 0.1 sun illumination at 175 °C.
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The application of 1 uA induces a degradation in lifetime from 6.4 ms to 1.9 ms, as shown in Figure 40.a.
An increase in Jo from 19.8 to 41.3 fA/cm?is observed in Figure 40.b. Increasing the corona magnitude to 4
pA significantly increases the rate and extent of degradation for the period tested, with the lifetime reducing
to 0.7 ms and Jo increasing to 58.7 fA/cm?. Further increasing the corona discharge to 12 nA causes the lifetime
to degrade by an additional order of magnitude to < 100 ps. For this case, the Jo increases rapidly to 540 fA/cm?,
indicating a severe deterioration in surface passivation. Increasing the magnitude of the positive charge on the
surface impacts the amount of EFID. This clearly shows that the surface passivation can be modulated by the

presence of a surface electric field, further supporting the hypothesis that the changes are caused by the

movement of charged particles.
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Figure 40. (a) teff and (b) JO for samples exposed to positive corona charge at 1 pA, 4 pA and 12 pA during light
soaking under 0.1 suns at 175 <C. Only one sample was used for each bias annealing condition.

Figure 41 shows the impact of varying magnitude of negative corona charge on the tert and Jo of the
nNNnTOPCon specimens under 0.1 sun illumination at 175 °C. The changes of the magnitude of charge between
1 pA ,4 pA and 12 pA show similar impact on the specimens after 24 h treatment. The effective lifetime of all
specimens decreased to below 2.5 ms, with the increase of Jo to ~ 40 fA/cm?2. Compared to the specimens with
positive corona shown in Figure 40, negative corona shows less impact on the deterioration in surface

passivation and no dependence on the field strength.
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Figure 41. (a) tess and (b) Jo for nnnTOPCon samples exposed to negative corona charge at 1 pA, 4 uA and 12 pA
during light soaking under 0.1 suns at 175 <C. Only one sample was used for each annealing condition.

5.8 EFID on TOPCon precursors

All the results shown thus far have been on symmetrical thin SiNx / n+ poly / tunnel oxide samples, which
represent the rear surface of the standard commercial TOPCon cell. To study this phenomenon in a system
more representative of a finished cell, the experiments are repeated on the TOPCon cell precursor with a boron
emitter on the front surface, labelled as TOPCon precursor in Section 3.1. To keep the conditions consistent
with previous results, the corona charge and light illumination were still applied to the thin oxide / n+ poly

side. Figure 42 displays ter and Jo for TOPCon precursor exposed to various test conditions:

0] Control (black triangle): Kept in dark box,
(i) Anneal only (red squares): Annealed at 175 °C,
(ili)  Positive Corona (blue circles): Annealed at 175 °C with positive corona (1pA),

(iv)  Negative Corona (gold triangles): Annealed at 175 °C with negative corona (1pA).

The initial lifetime of these samples is much lower than that of the symmetrical structures due to the
contribution of the boron emitter. The data in black triangles was a measurement control, which was not
subjected to illumination, annealing or corona charging. This sample was unchanged during the experiment,
indicating good stability at room temperature without illumination. The sample that underwent dark annealing
without corona charging (red squares) exhibited an increase in effective lifetime of 0.24 ms during the first 15
mins of light soaking. However, a slight degradation was observed, and the lifetime of the dark annealed
sample had nearly returned to its initial value after 24 h treatment, as the red squares indicate in Figure 42.a.

The Jo increased from 28.9 to 49.1 fA/cm? after 24 h treatment, as seen in Figure 42.b.

93



The application of a negative corona charge on the thin oxide / n+ tunnel oxide surface (gold triangles)
shows a similar pattern in terr during the 0.1 sun annealing with an increase of 0.3 ms in the first 15 mins
treatment, compared to the anneal-only specimens. After 24 hours of testing, the lifetime was reduced by ~
220 ps, which was still larger than its initial value. The Jo is stabilised around 54.9 fA/cm? during the 24 h
treatment. In sharp contrast, the application of positive corona charge to the thin oxide / n+ tunnel oxide surface
during annealing (blue circles) led to significant degradation. The lifetime was reduced to 37.7 s after 24 h
treatment. This reduction correlated with an increase in Jo from 26.3 to 218 fA/cm?, which was not observed
for other samples, as shown in Figure 42.b. This indicates that positive corona charge on the thin oxide / n+

polysilicon surface of a TOPCon solar cell also induces severe EFID under 0.1 sun at 175 °C.
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Figure 42. (a) terr and (b) Jo for TOPCon cell precursor samples exposed to various corona charge conditions during
light soaking under 0.1 suns at 175 <C. (i) Control (black triangle): Kept in dark box, (ii) Anneal only (red squares):
Annealed at 175 °C, (iii) Positive Corona (blue circles): Annealed at 175 °C with positive corona (14A), and (iv)
Negative Corona (gold triangles): Annealed at 175 °C with negative corona (14A). The inset presented in (a) is
a schematic of the sample structure. Only one sample was used for each bias annealing condition.

5.9 EFID for P-poly and P-substrate TOPCon samples

To investigate the impact of the doped polysilicon layer on the EFID behaviour of TOPCon samples, the
experiments were repeated on the TOPCon lifetime samples with different types of doped polysilicon and
substrates. The schematic of the test sample structures is shown in Figure 43. The nnnTOPCon lifetime
specimens and npnTOPCon lifetime specimens from Fraunhofer is used in this test. The pnpTOPCon lifetime
specimens and pppTOPCon lifetime specimens from ANU is used in this test. The details of these four types

of the TOPCon lifetime specimens have been discussed in Section 3.1.

94



SiNx:H -

‘-"' A AN ,.-“ n* POly-SI
ANAANNANNAN Tunnel SiO, ——
n-type c-Si
n* Poly-Si ——
— SiNkH ——
nnnTOPCon npnTOPCon
PRI — L
INAANASNANNANAN
Tunnel SIO, ——
n-type c-Si p-type c-Si
VAATAVAAATYAYA A
VA — 75— NAAAMAAAA
— SiNxH ——
pnpTOPCon pppTOPCon

Figure 43. Schematic of the symmetrical TOPCon lifetime samples with different doped polysilicon layers and different
substrates.

Figure 44 shows the terr and Jo change of the symmetrical thin SiNx / n+ poly (or p+ poly) / tunnel oxide
TOPCon lifetime samples with n-type (or p-type) substrate under 4 uA positive corona charge annealing at
175 °C with 0.1 sun illumination. For the samples with the n-type doped polysilicon layer, degradation was
observed both in the n-type and p-type substrates shown in Figure 44.a, which corresponds well with the
previous result in Figure 40.a. As shown in Figure 44.b, the Jo of the n-type substrate with n+ poly layer
increased from 11 fA/cm? to 50 fA/cm? after 12 h positive corona charge annealing, while the Jo of the p-type
substrate with n+ poly layer increased from 13 fA/cm? to 30 fA/cm?, indicating the deterioration in surface
passivation is more significant in n-type doped polysilicon TOPCon lifetime specimens with the application

of the positive corona charge and 0.1 sun illumination on one side.

The samples with p-type doped polysilicon layers, however, showed different results as shown in Figure
44 .c and Figure 44.d. P-type substrates with p+ poly are stable during corona charging, which is not influenced
by the EFID. For the n-type substrate with p+ poly sample, the effective lifetime decreased from 1.2 msto 0.8
ms after 24 h treatment shown in Figure 44.c. The Jo for the specimens with p-type doped polysilicon is almost
stable during EFID treatment. This shows that polysilicon doping has an impact on the deterioration of surface

passivation.
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Figure 44. (a) tets and (b) Jo for symmetrical thin SiNx / n+ poly / tunnel oxide TOPCon lifetime samples with n-type
and p-type substrate exposed to 4 pA positive corona charge during light soaking under 0.1 sun at 175 °C. (c) Teff and
(d) Jo for symmetrical thin SiNx / p+ poly / tunnel oxide TOPCon lifetime samples with n-type and p-type substrate
exposed to 4 pA positive corona charge during light soaking under 0.1 suns at 175 °C. Only one sample was used for
each illumination recovery test.

5.10 Exploring the regeneration behaviour in EFID

The SRD in thin oxide / n+ doped poly-Si samples displayed in Figure 36 displays clear degradation and
recovery behaviour and agreement with previous reports [33, 128]. When seeking solutions to mitigate this
degradation mode, it is important to study the underlying mechanisms. Chen et al. showed that once the
degradation and recovery cycle (annealing the specimen in the range of 250 — 400 °C with varied degrees of
illumination from 1 to 150kW/m?) was completed, no further degradation was observed following subsequent
light soaking experiments in thin oxide / typical n+ doped poly-Si samples [128]. In this section, the presence

of EFID following an initial degradation/recovery cycle is explored.

First, a TOPCon_E sample that did not undergo light soaking, labelled as ‘original’ sample was exposed
to the same positive corona annealing discussed in Figure 39 (4 pA positive corona charge annealing at 175 °C).
The expected severe degradation due to EFID is observed, as shown in Figure 45. Next, a sample which had
undergone a full degradation and recovery cycle following light soaking under 1.1 suns at 175 <C (same

conditions as Figure 36) for 411 hours was tested. In contrast to the result in [33], this sample also underwent
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severe degradation under the EFID condition. The effective lifetime of the original specimen reduced from 7.5
ms to 1.9 ms after 4 h of positive corona annealing, while the effective lifetime of the recovered specimen took
1 h to reduce from 6.4 ms to 1.6 ms. The degradation rate is significantly faster for the recovered sample,

compared with the original sample.
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Figure 45. Effective lifetime changes of the TOPCon_E specimens under 12 pA positive corona charge during light
soaking under 0.1 suns at 175 <C, comparing the response of a fresh sample and a sample that underwent
degradation/recovery cycle. Only one sample was used for each illumination recovery test.

Under light soaking alone condition (Figure 36), the minimum lifetime during degradation is 2.6 ms.
However, when a large positive surface field is applied, the lifetime degrades to < 100 ps (Figure 40).
Additionally, the typical recovery behaviour (shown in Figure 36) is not seen for the sample that underwent
EFID. This poses the question of whether the EFID process induces a new type of defect or whether it is simply

enhancing the SRD seen during typical light soaking.

To test the nature of this defect, two degraded samples during EFID were exposed to 1.1 suns light-
soaking conditions to assess whether they would recover. Figure 46.a shows the recovery of the effective
lifetime change of the degraded nnnTOPCon and npnTOPCon specimens under 1.1 sun at 175 °C, while Figure
46.b shows the change of Jo during the recovery process. For the nnnTOPCon samples with n-type substrate
combined with n+ poly-Si layer, tesf recovers from 3.0 ms to 5.9 ms after 900 h treatment, which corresponds
well with a decrease of Jo from 45.6 to 27.3 fA/cm?2 For the npnTOPCon samples with p-type substrate
combined with n+ poly-Si layer, teff recovers from 331 ps to 439 ps after 900 h treatment, which corresponds
well with a decrease of Jo from 30.8 to 15.5 fA/cm?. This shows that the EFID can be recovered by the light-
soaking annealing treatment. The surface electric field mainly accelerated the SRD, not creating a new type of

degradation.
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Figure 46. (a) terr and (b) Jo changes of the TOPCon lifetime specimens with n + poly silicon on both sides after EFID
treatment during light soaking under 1.1 sun at 175 <C. Only one sample was used for each illumination recovery test.

5.11 Discussion

This chapter has unequivocally demonstrated the impact of surface polarisation on the surface passivation
performance in TOPCon architectures under light soaking at elevated temperatures. Table 2 summarises all
the possible processing sequences that can lead to the degradation of effective lifetime and Jo change in
TOPCon lifetime specimens. The well-known surface-related degradation (SRD) processes are first addressed:
under 175 °C annealing, only a slight degradation of the effective lifetime takes place, with a loss of 9 % after
12 h treatment. The stable Jo indicates that this degradation is not related to the deterioration of the surface
passivation. Light soaking has a great impact on this surface-related degradation, and the intensity of
illumination impacts the degradation process. For the symmetrical thin oxide / n+ doped poly-Si TOPCon
lifetime specimens, 1.1 sun 175 °C annealing treatment can achieve the maximum lifetime loss of 60 % in 7.6
h, and further treatment can cause the recovery of the specimens, as seen in Figure 36 and sequence process C
in Table 2. Under 0.1 sun 175 °C annealing condition, it took 12 h to achieve the same maximum degradation
value, and there is no sign of recovery after 24 h treatment, as seen in Figure 39. This corroborates previous
findings where the intensity of light soaking impacts the degradation rate and the time taken for recovery to

begin [128].

I now turn my attention to EFID. Under a positive surface polarisation on the SiNx layer, the deterioration
of the surface passivation is accelerated at 175 °C without illumination (process Al+ in Table 2). 1pA
continuous positive corona charge at the surface without light soaking will lead to a 27.5 % loss in lifetime

and an increase in Jo after 12 h treatment. The combination of positive surface polarisation and 0.1 sunlight
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soaking led to more severe degradation. Increasing the positive corona charge current from 1 to 12 A leads
to an increase the amount of positive charge at the surface, which causes more severe degradation in the
lifetime loss from 70.5% to 99.2 % in 24 h treatment with a pronounced increase in Jo (process B1+, B4+ and
B12+ in Table 2). However, the application of the negative charge on the surface does not impact the amount
of degradation during light soaking (process B1-, B4- and B12- in Table 2). Application of the surface electric
field affects the SRD process. Increasing positive corona charge on the n+ poly-Si/SiOx surface significantly

accelerates the degradation process.

| also find that the doped layer impacts the EFID behaviour of TOPCon samples during positive corona
charge annealing at 175 °C with 0.1 sun illumination (process B4+ in Table 2). 4j4A continuous positive corona
charge at the surface will lead to around 67-85 % loss in lifetime and an obvious increase in Jo after 24 h
treatment in TOPCon architectures with n+ poly-Si / SiOx stack. However, the TOPCon architectures with p-
type substrate show different responses to the EFID process. A less pronounced degradation in the effective
lifetime and almost no change in Jo is observed. Comparing the change in terr for the TOPCon lifetime
specimens in the different passivation structures, it is found that whenever there is an n-poly Si /SiOx interface,
there is degradation from EFID, and this degradation is related to the deterioration of the surface passivation.
For the specimens with p-type poly-Si /SiOx interface, surface polarisation has a slight impact on the
deterioration of surface passivation, while the loss mainly comes from the bulk. These results indicate that the
defect concentration in the surface passivation layer is controlled by the applied surface electric field. Since
the electric falls primarily across the SiNx, | postulate that only a charged ion species could be involved in the
degradation mechanisms and that it is most likely H inside the nitride, which has a very strong response to

electric fields.

Table 2. Summary of degradation observations in TOPCon specimens with different architectures under light soaking at
elevated temperatures with changes in the surface conditions.

Relative Test
Time Jo initial | Jo final

Sample Structure ID Process Sequence degradation

(h) (fA/lcm?) | (fA/lcm?)
(%)

A Dark 175 °C 12 9.03 20.70 19.70
n-poly/n-Si/n-poly B 0.1 sun 175 °C 12 55.86 18.30 36.50
C 1.1 sun 175 °C 7.6 59.24 14.40 41.70
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Dark 175 °C,
Al+ 12 27.47 14.90 16.50
+ve corona (1 pA)

0.1 sun at 175 °C,
B1+ 24 70.49 19.80 41.30
+ve corona (1 pA)

0.1 sun at 175 °C,
B4+ 24 89.45 22.80 60.70
+ve corona (4 pA)

0.1 sun at 175 °C,
B12+ 24 99.19 19.00 539.00
+ve corona (12 JA)

Dark 175 °C,
Al- 12 3.83 17.90 17.00
-ve corona (1 A)

0.1 sun at 175 °C,
B1- 24 59.69 18.60 40.60
-ve corona (1 A)

0.1 sunat 175 °C,
B4- 24 44.24 24.60 38.80
-ve corona (4 |HA)

0.1 sun at 175 °C,
B12- 24 62.64 22.90 43.60
-ve corona (12 pA)

n-poly/n-Si/n-poly 85.79 11.40 54.15

n-poly/p-Si/n-pon 0.1 sun at 175 °C, 67.17 13.28 30.85
B4+ 24

p-poly/p-Si/p-poly +ve corona (4 PA) 6.61 41.80 43.39

p-poly/n-Si/p-poly 34.46 35.88 36.29

I now contrast the findings of this work with the understanding of surface-related degradation (SRD) in
the literature. In the manufacture of silicon solar cells, high-temperature firing is a critical step in achieving
high efficiency [208-210]. The primary purpose of this step is to form the metal contact of the cells [211, 212].
Additionally, firing is used to drive hydrogen from hydrogen-containing dielectric layers (SiNx:H and AlOx:H)

into the surfaces and bulk of cells [144, 213, 214] for passivation purposes. The introduced hydrogen plays an

100



important role in the mitigation of recombination in solar cells, as described in Chapter 2. However, the
hydrogen introduced during firing from the hydrogenated passivating dielectrics can also induce light and
elevated temperature-induced degradation (LeTID), which can cause significant losses in efficiency in the field,

and occurs for a range of silicon solar cell architectures [27, 29, 103, 110, 112].

The hydrogen-induced defects in LeTID can affect both bulk and surface regions [215-217]. Most
notoriously, it has been reported that LeTID can originate from the instability of the surface dielectric
passivation layer [130, 166]. Sperber et al. reported the observation of the decrease in the surface passivation
quality of FZ, Cz, and mc-Si specimens with either SiOx/SiNx:H or AlOx:H/SiNx:H layer stacks, during the
light-induced degradation treatment [218]. They showed that the surface saturation current density (J,) is a
reliable method to separate the changes in the bulk and surface during the treatment. With this method, they
showed that SRD tends to occur in a long-timescale over 1000 h. Kim et al. investigated the surface passivation
quality of boron-doped p-type Cz-Si with SiNx, AlOx:H/SiNx:H stack and thermally-grown SiO; layer in dark
annealing at 175 °C [219]. They found that the degradation of the surface starts when the initial bulk
degradation ends, and the surface degradation was later followed by a recovery process. This indicates there
is a link between LeTID and SRD. No degradation was observed for the specimens with SiO- passivation layer,
indicating a link between the hydrogen in the dielectric passivation layer and degradation in the surface
passivation. All these works show that hydrogen in the dielectric layer plays an important role in the SRD in
all cell architectures. Therefore, studying the kinetics of hydrogen is important to investigating and finding

methods to mitigate the normal SRD phenomena.

SRD has also been reported to occur in samples with doped or undoped surfaces [29, 130, 166, 219]. Sen
et al. investigated the impact of surface doping profile and passivation layers on SRD in PERC cells [220]. It
was found that moving to the lightly doped emitters had a minimal impact on the bulk but led to more severe
degradation in the surface, which could be related to the hydrogen behaviour in the surface with varied
diffusion profiles. They found that the SRD was only observed for the PERC specimens with SiO2/ SiNx:H
layer on the rear side, while none was observed for PERC specimens with AlOx/ SiNx:H layer on the rear side.
The charge state and distribution of the hydrogen atoms inside the hydrogen-containing dielectric layer impact
SRD. Although the actual defect causing this degradation is yet to be identified, several reports show that it
should be related to the accumulation of hydrogen atoms in the near-surface region [219, 221, 222]. The surface

conditions play an essential role in varying the extent of SRD and the surface passivation is controlled by the
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hydrogen inside it. The cell efficiency is related to the stability of the passivation of the silicon surface and
bulk defects [22, 56, 162]. Therefore, studying the kinetics of hydrogen near the surface region is critical to

better understanding the stability of solar cells.

While initial SRD literature primarily investigated a non-conductive dielectric-silicon interface, the
emergence of passivating contacts has shifted attention to heterojunctions and tunnelling interfaces. For
example, the high efficiency of TOPCon solar cells is achieved through the excellent rear side passivation
provided by the combination of a thin tunnel oxide and n+ doped polysilicon stack [81, 168]. Several works
have reported firing-induced degradation of the passivation at the n+ poly / SiO; / c-Si interface in TOPCon
architectures [32, 33, 126]. Di et al. correlated this degradation with a five-fold increase in the Jos, which shows
that this degradation is related exclusively to the surface, rather than the bulk [33]. Besides that, Di et al. used
secondary ion mass spectrometry (SIMS) to correlate the SRD with an excessive concentration of hydrogen
near the SiO; / c-Si interface [34]. They showed that the quality of the fired passivation layer is determined by
the concentration of hydrogen atoms in this region after the firing step. Winter et al. investigated this firing-
induced degradation in the architectures with the n+ poly-Si layer on the p-type and n-type Czochralski-grown
silicon wafers that underwent industrial firing and subsequent light soaking and annealing treatments [32]. For
the p-type specimens, a primary degradation and recovery cycle was observed at 185 °C, independent of
illumination, which was attributed to the boron-oxygen defects. For the n-type specimens, the degradation and
recovery cycle was only observed for the specimens that underwent a rapid-firing step, and the lifetime values

change corresponded well with the change of Jo.

The reduction and recovery of Jo during the light-soaking annealing treatments indicates that changes
result from deterioration of the surface passivation. Such standard SRD phenomenon is only observed for the
n-type wafers and not p-type. As shown in Figure 44, TOPcon lifetime specimens with p-type substrate still
suffer the degradation during the 0.1 sun 175 °C annealing with positive corona at the surface, but the almost
stable Jo change indicates that this degradation should be related to the bulk part [47, 117]. The lifetime and Jo
change for the specimens with different doping structures (process B4+ in Table 2) correspond well with the
normal SRD phenomena. Besides that, Figure 46 showed that the lifetime of the TOPCon specimens with
different dopant after EFID process can be recovered during the 1.1 sun 175 °C annealing treatment, which
indicates that EFID process appears to accelerate SRD, not creating the new degradation phenomena. The

application of the positive corona at the surface just accelerates the diffusion of the mobile H atoms to the n-

102



poly / SiOx / n-Si interface. The impact of the EFID process on the SRD phenomena during the light soaking
treatment as shown in Table 2 and the recovery phenomena of the EFID samples as shown in Table 3 show
that there is a link between the hydrogen and SRD in TOPCon architectures during light soaking annealing
treatment. Because hydrogen atoms have high diffusivity and exist in different charge states, related to the
concentration and distribution of electrons and holes, it is proposed that the EFID phenomena indicated in

Table 2 should be related to the hydrogen kinetics in TOPCon architectures during the degradation process.

I now turn my attention to the recovery processes that occur after extended exposure to elevated
temperature and illumination treatments. Table 3 summarises the recovery observed for the TOPCon
specimens with n-poly Si /SiOx interfaces after the EFID process in this work. All the data shown here are the
ratio between the measured effective lifetime and the initial lifetime before any treatment. The initial value
means the initial lifetime without any light soaking treatment, in as received state. The ter 0f a n-poly / n-Si /
n-poly specimen lost around 55 % with an increase of Jo of 24.98 fA/cm? after 12 h EFID treatment. With a
further 900 h 1.1 sun 175 °C light soaking treatment, the Tess Can be returned to 87 % of the initial value before
any treatment with an obvious decrease of Jo. The application of positive surface polarisation contributes to
the deterioration of the surface passivation of n-poly / n-Si / n-poly specimen and can be recovered by the 1-
sun light soaking treatment. For the n-poly / p-Si / n-poly specimen, the e lost around 67 % of the initial value
with an increase of Jo of 17.57 fA/cm? after 12 h EFID treatment. However, the ter can only be returned to
43.5 % of the initial value with Jo almost back to the initial values. The recovered Jo indicates that the
deterioration of surface passivation is recovered after the normal light soaking treatment. However, there is
still around 57 % loss of the lifetime, which is possibly related to the bulk lifetime [191, 223]. Due to the use
of the p-type substrate wafer, the normal LID will lead to the degradation in the bulk. This loss could be related
to the boron-oxygen defects and the hydrogen-induced defect in the bulk during the light soaking treatment
[29, 224, 225]. The degradation of the n-poly / p-Si / n-poly specimen during EFID process is therefore related
to the deterioration of both the surface passivation and the bulk defects. The n-type substrate specimens mainly
suffer from the normal SRD during the EFID process, while the p-type substrate specimens mainly suffer from

the degradation caused by the bulk defect during the EFID process.

When assessing these results against the literature on SRD and LeTID, it is clear that the charge state of
the hydrogen atoms at different interfaces plays a role in the degradation phenomenon during the EFID process.

Previous reports showed that no further degradation is observed for specimens after the degradation/recovery
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cycle under the light soaking treatment [33, 128]. It was expected that the 1 sun 175 °C annealing treatment
could transfer the hydrogen species into the deactivated states, free from the light-induced degradation.
However, Figure 45 shows that recovered samples would degrade again, with a faster degradation rate, under
EFID process. The original sample degraded from 7.5 ms to 1.9 ms after 4 h at 0.1 sun 175 °C 12 pA positive
corona treatment, while the sample after the degradation/recovery cycle degraded from 6.4 ms to 1.6 ms after
only 1 h treatment with a faster degradation rate. The degradation phenomena of the recovered specimen during
the EFID process indicates that the recovery of the lifetime is not achieved through the effusion of hydrogen
from, but through the deactivation of the mobile hydrogen inside of the TOPCon architectures. Applying the
positive surface polarisation accelerates the SRD process and reinforces the proposed mechanism in which

mobile charge atoms (H) inside the cells migrate and activate defects.

Table 3. Degradation and Recovery of TOPCon specimens after EFID treatment

_ Rel 1er after | AJo after Rel Tt after | AJo (FA/cm?)
Sample | Degradation Regeneration
process1 | process 1l process 1+ 2 after process
Structure | (process 1) (process 2)
(%) (fA/cm?) (%) 1+2
1sun175 C,
n-poly / p-Si 1.1 sun at
+ve corona (4 32.8 17.57 43.4 2.23
/ n-poly 175 °C
MA), 12 h
1sun 175 C,
n-poly / n-Si 1.1sun at
+ve corona (4 44.9 24.98 86.6 6.62
/ n-poly 175 °C
pA), 12 h
Where Relt,p, = L afterprocess
o Teffinitial
4]y = ]0,after process — Jo,initial

The results in this work provide valuable insight into understanding the role of hydrogen atoms in

TOPCon specimens during light soaking. Comparing the conventional SRD in the previous literature part and
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the EFID results in the previous sections, Table 2 and Table 3, there is some similarities between these two

processes:

0] The degradation is caused by the deterioration of the surface passivation, which correlates well
with the degradation of the effective lifetime and increase of Jo.
(i) The degradation is observed on the n-type substrate wafer, not on the p-type substrate wafer.

(iii)  The degraded samples can be recovered by the normal light soaking treatment.

Here, | present a hypothesis about why the n+ poly-Si specimens experience a more rapid near-surface
degradation under light soaking with positive surface polarisation at elevated temperatures. A model based on
the redistribution of charged hydrogen atoms at the poly-Si layer and diffusion of hydrogen atoms inside
TOPCon architectures under varied surface polarisation conditions is presented in Figure 47. The TOPCon
passivating contact architecture, inclusive of the surface antireflection and hydrogenation SiNy layer, has been
simulated in SCAPS under 1 Sun illumination. In Figure 47.a the electronic band diagram for this structure is

pictured without any surface polarisation in the nitride [226].

As described in Chapter 2, hydrogen is released from the SiNx layer as the molecular H, or atomic
hydrogen by restructuring the Si-H and N-H bonds after firing. Several works have found a prevalence of H*
in the SiNx layer [227], and my model here is in agreement with such findings. The concentration of H at poly-
Si / SiOx/ c-Si interfaces increases significantly during the firing step, and hydrogen atoms still exist in the
10%° and 10%! cm™ range within the SiNx and poly-Si layers [34, 228]. Upon further treatment, hydrogen atoms
can diffuse from the SiNx layer to the other layers. The migration of hydrogen atoms is achieved via interstitial
sites and is strongly affected by the internal electric fields due to the charged nature of H species (H* and H")
[197, 229, 230]. Figure 47.b illustrates how the charge state of H atoms is controlled by the local concentration
and distribution of electrons and holes, with H species predominantly existing in the H- state in n-type silicon
and the H* state in p-type silicon [125, 138, 151]. For the n-type poly-Si layer without surface polarisation, the
concentration of the H* ions is significantly lower in the steady state, where H mainly exists as H™ ions and H-

P bonds [31].

The concentration ratio [H]/[H°] is proportional to the concentration of electrons. Due to the high
diffusivity [196], H® atoms have the possibility to diffuse to the SiOx/c-Si interface. Due to the low
concentration of H° in n+ poly-Si layer, the impact of the H to the SiOx/c-Si interface is small without surface

polarisation. When a positive corona charge is applied on the top surface of the SiN layer (Q~10* g/cm?), as
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shown in the simulation in Figure 47.c, an electric field drifts H* species from the nitride towards the
polysilicon layer. Provided enough energy is available from temperature and illumination, the H species can
cross the interface and get injected into the polysilicon. There, the H* can capture abundant electrons to transfer
into H and H- ions. The increased concentration gradient of both H-and H° (though note that H- will be the
predominant specie) in the poly-Si will produce a diffusion of hydrogen across the poly layer and into the c-
Si. | postulate that the presence of H species captured at the poly-Si/c-Si interface causes an increase in the
defect concentration. | note here that the electric field produced by surface corona charge drops entirely in the

SiNy layer. Thus, only the charged species inside it should be responsive to changes in surface polarisation.

When the negative corona charge is applied on the top surface of the SiNx layer, as shown in Figure 47.d,
the concentration of H in the polysilicon remains unchanged since H in the nitride is pulled away from the
interface. Any degradation process would proceed via the standard mechanisms earlier described. The effective
lifetime change is similar to a specimen without corona charge, as shown in Figure 39 and Figure 41. The
change of the magnitude of the negative corona on SiNx layer has almost no impact, compared to the
illuminated annealing samples. For the n-poly Si/ SiOx specimens, the application of positive surface
polarisation remains the major factor impacting the migration of H between poly-Si / SiOx/ c-Si interfaces ,

leading to the loss in lifetime and increase in Jo, as shown in Figure 44.a.
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Figure 47. Schematic of band diagram and motion of hydrogen for the TOPCon architecture with structure of n-type

polysilicon with n-type silicon substrate with varied surface polarisation under 1 Sun illumination. (a) without surface

polarisation on the SiNx film(b) the fractional concentration of hydrogen with different charge states as a function of

Fermi level (relatively to the middle of the band gap), reproduced after [138] (c) application of positive corona charge
on the SiNx film (d) application of negative corona charge on the SiNx film

The results presented herein mainly focus on the n+ poly-Si / tunnel SiOx layers of the TOPCon cells.
Figure 42 demonstrates the change in test for the TOPCon cell precursors without metal contact during exposure
to various surface polarisation, with 0.1 sun light soaking at 175 °C. An increase in effective lifetime of around
0.3 ms was observed in positive anneal, negative anneal, and anneal-only specimens in the first 10 min 0.1
suns 175 <C annealing treatment. With further treatment, degradation was observed in all specimens. Only the
specimen with positive corona annealing treatment suffered from severe degradation. Further studies on the
difference between the p+ emitter / AlOx:H / SiNx:H interfaces and tunnel SiOx / n+ polysilicon / SiNx:H
layer interfaces could provide possible insight to identify the role of hydrogen across the whole TOPCon cell
during light soaking. Thus, these results show that controlling the diffusion of hydrogen at different interfaces
of TOPCon solar cells is critical to the stability in the actual field, and surface polarisation is a potential method

for controlling the motion of hydrogen between different interfaces.
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5.12 Summary

In this chapter, the impact of a surface electric field on the nature of this degradation is investigated. It is
identified that the application of the positive charge on the surface drastically enhances the amount of surface-
related degradation in the symmetrical thin oxide / n-type doped poly Si TOPCon lifetime structures.
Increasing the amount of surface positive charge leads to more degradation and more pronounced increase in
Jo. In contrast, the application of negative charge on the surface does not impact the amount of degradation for
the symmetrical thin oxide / n-type doped poly-Si TOPCon lifetime structures. It is proposed that the cause of
degradation is the accumulation of excessive hydrogen near the c-Si / SiOx interface. Application of the surface
polarisation impact of the migration of hydrogen ions inside the SiNx film. Under the positive surface
polarisation, H* ions will diffuse to the n-type doped poly-Si film and transfer to the H- and HC ions. The
increased concentration gradient of hydrogen atoms will cause the diffusion of hydrogen across the poly layer
and into the c-Si, which increases the hydrogen-induced defect near the c-Si / SiOx interface and causes the
serve degradation. Under the negative surface polarisation, H* ions will diffuse to SiNx film surface side and
almost not impact the concentration change of H atoms inside the poly layer, which causes a similar
degradation trend compared with the specimens under the anneal-only conditions. The application of the
surface electric field via the corona charge method can provide insights into the role of hydrogen-induced

deterioration of the surface passivation of the TOPCon architectures.
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Chapter 6 Impact of surface polarisation on

the enhancement of silicon heterojunction

(SHJ) solar cells

6.1 Overview

This chapter investigates the impact of surface polarisation on the nature of light-induced improvements
in SHJ architectures. The surface polarisation of SHJ lifetime samples was achieved by applying corona charge
on a surface dielectric layer while the samples underwent light soaking at room temperature. A low-
temperature (200 °C) PECVD SiOx deposition process is developed to enable SHJ lifetime specimens to hold
a surface charge. It is observed that the combination of the positive charge on the n-type doped amorphous
silicon surface and the light soaking process drastically enhances the lifetime of SHJ symmetric lifetime
samples (a-Si (n) / a-Si (i) on both sides). Increasing the amount of surface charge leads to a higher
enhancement rate. On the other hand, a negative corona charge does not have a significant impact. For the
architectures with a-Si (n) / a-Si (i) and a-Si (p) / a-Si (i) on different sides, the combination of the corona
charge (positive/negative) on the a-Si (n) surface and the light soaking process leads to the loss in the lifetime
of them. It is hypothesised that the cause of instability is the movement of the excessive hydrogen to the a-
Si:H(i) / ¢c-Si interface under light soaking and the application of surface polarisation can be used to control

the migration of hydrogen across interfaces.

6.2 Introduction

Chapter 2 introduced the previous literature on light soaking enhancement dynamics in SHJ specimens.
The high efficiency of the SHJ architectures is achieved by a passivation stack comprising intrinsic amorphous
silicon (a-Si) and doped a-Si nanolayers [87-89]. The stability under prolonged light illumination is essential
for solar cell devices. Several studies have reported that light-soaking can enhance the performance of SHJ
cells [35-37]. The enhancement is attributed to an improved lifetime, which has been tested in SHJ samples

and occurs when the doped layer is present [35]. The efficiency of SHJ cells can be increased up to 0.7%zps
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after 30 seconds 100-sun illumination process at 200 °C, which is highly desirable and compatible with
industrial production [37]. Light soaking treatment shows great potential as an enhancement method in
production. However, the mechanism behind light soaking enhancement in SHJ cells remains unclear. The
hypothesis is that hydrogen migrates to the interface to improve surface passivation due to the electric field

induced by the doped layers [136, 231, 232], but little understanding is yet available.

In Chapter 5, the application of surface electric fields showed the possibility of controlling the hydrogen
migration inside cells with subsequent changes in the effective lifetime. This methodology was employed in
this chapter to investigate the impact of light soaking enhancement on SHJ lifetime samples in the presence of
varied surface electric fields through corona charging. Due to the conductivity of the amorphous silicon films,
it is not possible to establish and directly modify the electric field on the surface of an SHJ sample. Therefore,
I developed a 200 °C low-temperature PECVD SiOx process to deposit the 1pum SiOx layer on the surface of
SHJ specimens, enabling them to hold charge without damaging the existing passivation. The application of
the surface electric field impacts the effective lifetime change of the SHJ sample during light soaking, which
provides further evidence that the light-induced enhancement should be related to the motion of charged ions

at/near the interface, most likely hydrogen.

6.3 Experimental Procedure

Experiments in this work were carried out on four types of SHJ lifetime architectures and Figure 1
schematically displays the geometry of the investigated specimens. Symmetrical n-type amorphous silicon (a-
Si(n)) / intrinsic amorphous silicon (a-Si(i)) samples and standard SHJ cell precursor without transparent
conductive film and metal contacts were used as starting samples, identified as ni/Si/in shown in Figure 48.a
and ni/Si/ip shown in Figure 48.b respectively. Then, 1 um SiOx is deposited on the in side for both
architectures with 150 sccm of silane (SiH4) and 730 sccm of nitrous oxide (N2O) flowed and decomposed in
a plasma reactor with 80 W RF power at 200 °C, with a base pressure of 1200 mTorr for 11min 50 s, as

identified as SiOx/ni/Si/in in Figure 48.c and SiOx/ni/Si/ip in Figure 48.d.
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Figure 48. Schematic of the geometry of SHJ lifetime specimen. (a) symmetrical lifetime structures with both sides
passivated with a bilayer consisting of intrinsic amorphous silicon (a-Si(i))/n-type doped amorphous silicon (a-Si(n)),
identified as ni/Si/in (b) lifetime structures with a-Si(i)/ a-Si(n) on the front surface and a-Si(i)/ with p-type doped
amorphous silicon (a-Si(p)) on the rear from group K, identified as ni/Si/ip. (c) ni/Si/in specimens with 1pm SiOx layer
on a-Si(i) side. (b) ni/Si/ip specimens with 1pm SiOx layer on a-Si(i) side.

Figure 49 shows the schematic of the measurement set-up and test conditions for the SHJ lifetime
specimens. Four LED lamps above the corona charge box form a 5 x 5 cm? illuminated area on the Al stage
with an intensity of 1 sun. The 4 x 4 cm? lifetime specimens were placed in the centre of the illuminated area.
Figure 49.a shows the measurement set up for the ni/Si/in and ni/Si/ip specimens under 1sun light soaking on
ni side without corona charge at 70 °C. Then, corona charge was applied on the SiOx/ni side for SiOx/ni/Si/in
and SiOx/ni/Si/ip specimens in the dark box at 25 °C to study the impact of surface polarisation alone at first,
as shown in Figure 49.b. Then, 1 sun illumination was added on SiOx/ni side shown in Figure 49.c to study
the impact of surface polarisation on light-induced enhancement of SHJ specimens. For all the test with corona
charge treatment in the chapter, the corona charging was performed continuously through the experiment, due

the limitation of the stability of the corona charged ions on the low-temperature deposited SiOx layer. The Test
of the SHJ samples is extracted at a fixed excess carrier concentration of An =1x10%® cm-3, before and after

each step of the corona charging illumination process. With control of light illumination, surface polarisation
generated by corona discharge, the impact of the surface polarisation of the change for terr On SHJ lifetime
specimens during light illumination is investigated. The effective lifetime was measured using a Sinton WCT

120 instrument.

111



LED Lamp
1 sun illumination Vp (0~30 kV) LED Lamp Ve (0~30 kV)

1 sun illumination

Dark

Point Point
eleciroc‘ie . electrode
©/0 T /0 T
SHJ SHJ SHJ
specimen specimen specimen

(a) (b) (©

Figure 49. Schematic of measurement set up and test conditions for the SHJ lifetime specimens. (a) 1 sun illumination
without surface polarisation at 70 °C. (b) surface polarisation without light illumination at 25 °C. (c) surface polarisation
with 1 sun light illumination at 25 °C.

6.4 Enhancement of SHJ lifetime samples under light illumination

Previous reports have shown an enhancement in SHJ lifetime specimens with doped layers under 25°C 1
sun illumination [35]. To verify the enhancement behaviour, ni/Si/in and ni/Si/ip specimens were subjected to
1 sun light soaking on the Al plate without corona charging, as shown in Figure 49.a. To accelerate the
enhancement process, the temperature was increased to 70 °C. Two 4 x 4 cm? ni/Si/in lifetime specimens were
tested, labelled as D1-1 and D1-2 respectively. Two 4 x 4 cm? ni/Si/ip lifetime specimens were tested, labelled

as E1-1 and E1-2 respectively.

Figure 50 shows the change of terr Of two ni/Si/in specimens (D1-1 and D1-2) and the PL image of the
tested specimens after light soaking treatment. The effective lifetime of D1-1 specimen increased from the
initial value of ~ 11.3 ms, reaching a maximum value of ~ 13.0 ms after 2 h treatment, as shown in the red
curve in Figure 50.a. After 90 h light soaking treatment, the enhancement of ters for D1-1 specimen was stable.
The effective lifetime of D1-2 specimen increased from the initial value of ~ 9.9 ms, reaching almost the
maximum value of ~ 11.8 ms after only 0.5 h, 1 sun, 70 °C annealing treatment, as shown in the blue curve in
Figure 50.a. With further treatment, the terf for D1-2 specimen decreased almost to its initial value after 4 h.
There was no further enhancement observed after the total 90 h. The control sample was kept in the dark box
at 25 °C and its effective lifetime was stable during the lifetime measurement, black curve in Figure 50.a. This
indicates that the measurement process does not change the tett of SHJ lifetime specimen and the e Of ni/Si/in

specimens was stable under storage. Figure 50.b shows the PL image of D1-1 and D1-2 specimens after the
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light soaking treatment. The intensity of the luminescence is proportional to the density of non-equilibrium
minority carriers at this position. Defects in the sample act as recombination centres, appearing as dark dots,
lines or areas in the PL image. The PL images of D1-1 and D1-2 specimens have uniform brightness with a
series of dark dots on the edges and the dark area at the coroners. These dark lines were the scratches and

microcracks introduced by the tweezer and dicing pen during the dicing and transport process.
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Figure 50. The change of teff of ni/Si/in specimens under 1 sun light soaking at 70 °C. (a) The teff change of D1-1 and
D1-2 specimens. (b) PL image of D1-1 and D1-2 after 90h light soaking treatment. Only one sample was used for each
test condition.

Figure 51 shows the change of ter OF two ni/Si/ip specimens (E1-1 and E1-2) under 1 sun illumination at
70 °C and the PL images of the tested specimens after light soaking treatment. The effective lifetime of E1-1
specimen increased from ~ 3.5 ms, reaching a maximum value of ~ 4.2 ms after 8 h treatment, as shown in the
red curve in Figure 51.a. After the total 122 h treatment, the enhancement of tes for D1-1 specimen was stable.
The effective lifetime of E1-2 specimen increased from ~ 4.1 ms, reaching ~ 4.7 ms after 8 h treatment, as
shown in the blue curve in Figure 51.a. With a further 1 sun light soaking treatment, the ters for D1-1 specimen
decreased to 4.3 ms after 122 h. The control sample was stable during the lifetime measurement, as shown by
the black curve in Figure 51.a . Figure 51.b shows the PL image of E1-1 and E1-2 specimens after the light

soaking treatment, showing uniform brightness with a series of dark streaks and dot regions.

Enhancement behaviours during the 1 sun light soaking were observed both on the ni/Si/in and ni/Si/ip
lifetime specimens. The physical condition of the sample surface after manufacturing and during the process
seems to impact the rate of lifetime enhancement. Unintended scratches and microcracks could damage the

passivation layer, which would occur more prominently the more time the samples are moved between
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different set-ups, which could lead to a decrease in the lifetime after prolonged manipulation. This would

explain some of the sample variation observed.
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Figure 51. The change of et Of ni/Si/ip specimens under 1 sun light soaking at 70 °C. (2) The tet change of E1-1 and
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6.5 Development of a low-temperature PECVD SiOx

To allow for the application of corona charge onto SHJ sample surfaces, a low-temperature PECVD SiOx
process is developed. PECVD has been widely used for the deposition of the SiOx layers with a temperature
around 300 °C [233, 234]. However, the intrinsic hydrogenated amorphous silicon layer is only stable up to
200 °C, while higher temperatures causing deterioration in the passivation quality [235]. My aim was to develop
a low-temperature PECVD process such that the SiOx dielectric layer would have the ability to hold sufficient

charge on the surface without damaging the passivation.

Due to the limited source of SHJ lifetime specimen, the PECVD development was carried out on 675 um
n-type Cz silicon wafers, 30-60 Q.cm at first. The silicon wafers were diced into 4 x 4 cm? specimens. Then,
they underwent RCA cleaning, as shown in Table 4. After, the SiOx layer was deposited with different PECVD
recipes using an Oxford Instruments PlasmaLab 80+ system. The SiOx layer was deposited on one side of all

specimens. Then, the specimens were taken out immediately and cooled in the air at RT before storing.
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Table 4. The RCA Cleaning process for Si wafer before PECVD process

Step Solution Temperature ('C) Time (min)
1:1:5 (ammonia:

RCA1 85 10
H20,: DI water)

Rinse DI water 25 5

1:1:5 (HCI: H20,: DI
RCA?2 85 10
water)
Rinse DI water 25
HF dipping 10% 25
Rinse DI water 25

6.5.1 Temperature selection

At first, the stability of the SHJ lifetime specimens at elevated temperatures is tested. Due to the limited
source of the SHJ lifetime specimen, only one ni/Si/in specimen (D2-1) is tested in the range from 100 °C —
250 °C with 10 min time interval. After each annealing step finished, the sample was cooled in the air and the
effective lifetime was measured at 25 °C. Figure 52 displays the effective lifetime response of specimen D2-1
to the annealing process. The initial terr Of D2-1 specimen is 12.2 ms at 25 °C. When the temperature is
increased to 100 °C, the et 0f D2-1 is highly stable with a value around 12.1ms after 10 min treatment. When
the temperature is increased to 150 °C, a clear decrease in lifetime is observed with loss of around 2 ms. When
the temperature is increased to 200 °C, the terr Of D2-1 is decreased to 9.7 ms. After a further 10 min 225 °C
annealing, the terr Of D2-1 decreased to 9.1 ms. When the temperature is increased to 250 °C, almost 55% of
the lifetime is lost. Considering the stability of the SHJ specimen at elevated temperature and temperature
needed for PECVD SiOx deposition, 200 °C is chosen a a reasonable balance between PECVD SiOx deposition

and low SHJ specimen degradation.
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Figure 52. Stability of in/Si/in in the range of 100 °C — 250 °C. Only one nnSHJ sample was used for this test.
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6.5.2 Optimisation of deposition parameters

After the temperature was selected at 200°C, | varied the gas ratio, chamber pressure and RF power to
optimise the PECVD SiOx deposition recipe. All the initial recipe optimisation works were carried out on the
n-type silicon wafers from Oxfrod. The charge-holding ability and effective lifetime loss caused by the PECVD
deposition process were chosen as the key parameters. For the charge-holding ability test, the specimens with
the deposited SiOx layer were positively corona charged for 2 mins with a tip voltage of 30 kV at a distance
of around 16 cm. The specimens were immediately followed by KP contact potential difference (CPD)
measurement in the dark, for 5 minutes, to assess the charge concentration and stability. In this section, Table

5 summarised the best recipes (recipes A and B) and the detailed tested recipe results are shown in Appendix

A.
Table 5. Best Low temperature PECVD SiOx recipes
SiH4 flow RF
N20 flow Pressure Time
Recipe rate power | T(C)
rate (sccm) (mTorr) (min)
(sccm) (W)
A 120 760 1000 20 200 1min51ls
B 150 730 1200 80 200 1min51ls

Figure 53 shows the n-type Cz-Si wafer samples with top performance with top recipes A and B. For the
recipe A, 93 nm SiOx layer shows a good ability for charge holding and the best stability of the charge storage.
After a positive corona charge was applied on the SiOx layer for 2 mins (30kV, 16¢cm), the CPD changed from
-776.7 mV to -1498.4 mV. When the charged specimen was kept in a dark box for 5 min, the CPD changed
from -1498.4 mV to -1438.3 mV. For the recipe B, 77 nm SiOx layer shows good stability of the charge storage
and the best ability of the charge holding. After a positive corona charge was applied on the SiOx layer for 2
mins (30kV, 16cm), the CPD changed from -429.7 mV to -1949.1 mV. When the charged specimen was kept
in a dark box for 5 min, the CPD changed from -1949.1 mV to -1602.6 mV. To achieve enough driving force
for the charged hydrogen atoms inside the SHJ specimen through the corona charge process, the SiOx layer
with the highest CPD change is considered. Therefore, recipe B is chosen for the SiOx deposition in SHJ
samples. The instability of the corona charge could be related to the pin-holes generation during the deposition

process and the annealing process over 500 °C could mitigate that problem [236]. However, the lifetime of the
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test SHJ specimens could lost around 50% of the lifetime over 250 °C. It has been reported that 1 1 m SiOx
can be deposited on a-Si layer for holding charge [237]. Then, I just did 10 cycles of PECVD SiOx deposition
with the recipe B to achieve 1um SiOx layer, which reduces the possibility of the pin-holes gathering at the

certation region.
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Figure 53. The thickness and charge-holding ability of PECVD SiOx with recipe A (20 W RF power at 200 °C, 120
sccm of SiH4 and 760 sccm of N2O flow with a base pressure of 1000 mTorr) and B (80 W RF power at 200 °C, 150
sccm of SiH4 and 730 sccm of N2O flow with a base pressure of 1200 mTorr). (a) deposition thickness. (b) the charge-
holding ability of deposited SiOx layer. Only one sample was used for each test condition.

Recipe B SiOx was tested on ni/Si/in and ni/Si/ip specimens. Figure 54.a shows the terr change of the
ni/Si/ip specimen before and after SiOx deposition. After 1 um SiOx was deposited, the tess OF the ni/Si/in
specimen increased from 11.7 ms to 12.5 ms. After application of 1 sun light soaking on the SiOx side, the Teft
decreased to 11.3 ms after 5 mins treatment. With the further 3 h treatment, the e increased to 12.9 ms.
However, with a further light soaking treatment, the tefr decreased to 11.2 ms after 32 h, like the specimen D1-
2 shown in Figure 51. Figure 54.b shows the te Change of the ni/Si/ip specimen before and after SiOx
deposition. After 1 um SiOx was deposited, the e Of the ni/Si/ip specimen increased from 4.0 ms to 4.4 ms.
After application of 1 sun light soaking, the tefr decreased to 4.3 ms after 5 mins treatment. With the further 4
h treatment, the Tefr increased to 4.4 ms. With further light soaking treatment, the terr decreased to 4.3 ms after
24 h treatment, like the specimen E1-2 shown in Figure 52. The deposition of SiOx process didn’t kill the
lifetime of the SHJ specimens and the effective liftime of SHJ specimens with top SiOx layer still can be
enhanced by the illumination process, which show that the 200 T PECVD SiOx process with recipe B is

suitable for the further surface polarisation test.
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Figure 54. The change of 1t 0f SHJ lifetime specimens with SiOx layer on a-Si(n) side under 1 sun light soaking at
25°C. (a) SHJ_L specimen (b) SHJ_M specimen. Only one sample was used for each test condition.

6.6 Surface polarisation without illumination on SHJ specimens

In section 6.4, enhancement behaviours were observed in ni/Si/in and ni/Si/ip specimens under 1 sun
illumination. To investigate the impact of surface polarisation on light soaking enhancement, the impacts of
the surface polarisation and the light illumination are isolated. SiOx/ni/Si/in and SiOx/ni/Si/ip specimens were
tested only in the presence of the corona charge without illumination, as shown in Figure 55. Figure 55 displays
the effective lifetime change of SiOx/ni/Si/in and SiOx/ni/Si/ip specimens in the dark at RT with different
surface polarisation conditions. As shown in Figure 55.a, the effective lifetime of SiOx/ni/Si/in samples
degrades from 13.5 ms to 12.2 ms after SiOyx deposition. After 90 mins of positive corona charging at RT, the
effective lifetime was increased from 12.2 ms to 13.2 ms. When the polarity was switched to negative corona
charging, the effective lifetime remained almost stable at around 13 ms. Figure 55.b shows the case for the
SiOx/ni/Si/ip specimens. The effective lifetime increased from 3.7 ms to 4 ms after SiOx deposition. When
negative corona charging was applied at RT on the in side, the effective lifetime decreased from 4 ms to 3.6
ms after 90 mins. For positive corona charging, the effective lifetime showed an initial improvement and then
stabilised around 3.8 ms after 90 mins treatment. Based on these results, the application of the surface
polarisation has a small but noticeable impact on the effective lifetime change without illumination, likely as

a combination of field effect passivation or mobile hydrogen ion migration at room temperature.
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Figure 55. Impact of corona charge on tess Of SHJ lifetime samples at 25 °C without light illumination. (a) SiOx/ni/Si/in
specimen (b) SiOx/ni/Si/ip specimen. Only one sample was used for each test condition.

6.7 Surface polarisation with illumination on SHJ specimen

Figure 56 displays et change for SiOx/ni/Si/in sample and SiOx/ni/Si/ip samples with top SiOx layer
under different corona charge conditions with 1 sun light illumination. For the SiOx/in/Si/in sample shown in
Figure 56.a, when no corona charge was applied on the sample at RT, the effective lifetime increased from
11.4 msto 13 ms at first and slightly decreased to 11.2 ms after 32 hours. When positive corona charging was
additionally applied on top in side, the effective lifetime increased from 12 ms to 15 ms within 1 hour and
saturated around 14.7 ms after 32 hours. This is much larger than the result obtained using only corona charging
in Figure 55.a for the SiOx/ni/Si/in specimens and only illumination in Figure 54.a for the SiOx/ni/Si/in
specimen, indicating that the improvement relies on the combination of illumination and polarisation. When
negative corona charge was applied, the effective lifetime stabilised at around 12 ms. For the SiOx/ni/Si/ip
sample shown in Figure 56.b, when only 1 sun illumination was applied on the sample at RT, the effective
lifetime remained at around 4.4 ms. When the positive corona charge was applied on the top side, the effective
lifetime showed a similar trend to the sample without corona charge, which increased around 0.1 ms initially
but reduced by 0.3 ms after 24 hours of treatment. The application of a negative charge to the surface caused
slightly more degradation in this SiOx/in/Si/ip sample, which lost 0.5 ms effective lifetime in 24 hours. These
results indicate that surface polarisation can have a large impact on the observed light soaking enhancement in
SHJ cells, and further understanding can be obtained when considering the effect of surface electric fields upon

the light and elevated temperature dynamics of H in silicon heterojunction structures.
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Figure 56. Impact of corona charge at room temperature under 1 sun light illumination on SHJ lifetime samples. (a)
SiOx/ni/Si/in specimen (b) SiOx/ni/Si/ip specimen. Only one sample was used for each test condition.

6.8 Impact of magnitude of surface polarization

In the previous section, it was demonstrated that the positive charge on the surface of SiOx/in/Si/in sample
improves the lifetime under 1 sun illumination at 25 °C, while negative corona seems to mitigate this
improvement. For the SiOx/ni/Si/ip sample, applying the negative charge on the in side caused more
degradation, while positive corona and no corona show a similar enhancement trend. In this section, the
magnitude of the applied corona charge was varied to study the impact of the strength of the surface
polarisation on the terr change of SHJ lifetime specimens. Figure 57 shows the effective lifetime change for
SiOx/ni/Si/in sample and SiOx/ni/Si/ip samples, under different corona charge conditions, with 1 sun
illumination at RT. For the SiOx/ni/Si/in sample, the application of 2 pA induces an improvement in lifetime
around 2.1 ms, as shown in Figure 57.a. Increasing the corona magnitude to 5 pA significantly increases the
rate and extent of enhancement, with the increase of lifetime around 3.4 ms. Further increasing the corona
discharge to 8 pA causes the lifetime to increase around 3.5 ms after 24 h treatment. Increasing the magnitude
of the positive charge on the in/in sample surface impacts the amount of light-induced enhancement. This
shows that surface passivation can be modulated by the presence of a surface electric field, further supporting
the hypothesis that the changes are caused by the movement of charged particles. For the SiOx/ni/Si/ip sample,
the application of 2 pA negative corona induces a lifetime degradation of ~1.1 ms, as shown in Figure 57.b.
However, increasing the corona magnitude to 5 pA only causes a loss of lifetime around 0.36 ms. The initial
lifetime of the specimens with 5 pA negative corona is only 3.9 ms, which is much lower than the other
negative corona-charged specimens. The lower loss of the specimen with this process could be related to the

initial physical damage in the wafer after dicing, due to the much lower initial lifetime compared with
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specimens with 2 or 8 pA negative corona current. The bad initial wafer condition could lead to less loss in
lifetime during the negative corona treatment. Further increasing the negative corona discharge to 8 uA causes
the lifetime to degrade to 1.5 ms. Negative corona on the in side can mitigate the enhancement of SiOx/ni/Si/ip
samples during light soaking. Based on these results, increasing the magnitude of the positive charge on the
surface of SiOx/ni/Si/in specimens impacts the amount of enhancement. This shows that surface polarisation
impacts the light-induced changes in the passivation of SHJ specimens, supporting the hypothesis that the

movement of charged particles must be part of the process.
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Figure 57. Impact of the magnitude of surface polarisation at 25 °C under 1 sun light soaking on SHJ lifetime samples.
(a) SiOx/ni/Si/in specimen (b) SiOx/ni/Si/ip specimen. Only one sample was used for each test condition.

6.9 Discussion

This chapter has demonstrated the impact of surface polarisation on the effective lifetime change of SHJ
architectures under light soaking. Table 6 summarises all the processing sequences tested in this chapter, that
lead to effective lifetime changes. The well-known light-induced enhancement processes are first addressed in
the literature [35]. At a temperature of 25 °C with 1 sun illumination, an enhancement of effective lifetime
takes place for the SHJ specimens with doped layers, with an improvement between 10 - 40 % after 18 h
treatment. The enhancement rate is impacted by the intensity of illumination [35, 37]. Under 70 °C annealing
with 1 sun illumination (process A in Table 6), an enhancement in the effective lifetime of 15-20 % is observed
both in the specimens with the structure of ni/Si/in and ni/Si/ip. The increased temperature accelerates the
enhancement rate. Besides that, the surface conditions also impact the enhancement process, with cracks or
scratches on the specimens causing a further loss in lifetime during the prolonged processing, as shown in

Figure 50 and Figure 51.
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I now focus on the impact of surface polarisation on the lifetime change of SHJ samples at RT. | will

discuss the results in the following order:

1. Surface polarisation only (process B in Table 6)

2. Surface polarisation combined with 1 sun illumination (process C in Table 6)

For the ni/Si/in SHJ specimen with corona charge on in side without illumination, the positive corona
leads to a lifetime enhancement of around 10.7 % in 1.5 h treatment, while the negative corona has almost no
impact. For the ni/Si/ip SHJ specimen, the negative corona causes a 10.9 % loss in 1.5 h treatment, while the

positive corona has almost no impact. Based on the results of process B, there were two findings:

1. Surface polarisation impacts the lifetime change of the SHJ specimens
2. The doped layer on the opposite sample side from where the polarisation is applied can impact the

lifetime changes.

After combining the surface polarisation and light soaking treatment, there were some differences
between the responses of the two architectures. For the ni/Si/in SHJ specimen, the combination of the positive
surface polarisation and 1 sun light soaking (process C+ in Table 6) leads to a significant increase in lifetime
(+23%), much larger than that provided by illumination alone (process A, C in Table 6), or by surface
polarisation alone (process B in Table 6). Increasing the amount of surface charge from 2 to 8 WA corona
charge current (C2+, C5+ and C8+ in Table 6) increases the enhancement. Negative surface polarisation
(process C5- in Table 6) mitigates the possible improvements from light soaking and instead causes a slight
loss of 1.3 %. For the ni/Si/ip SHJ specimen, the combination of the negative surface polarisation on in side
and 1 sun light soaking (process C- in Table 6) leads to a significant loss in lifetime (-20%), while positive

surface polarisation leads to a slight loss (-2%).
The results shown in process B and C indicate two key findings:

1. Surface electric fields can modulate light-soaking enhancements in SHJ samples.

2. The direction of the field impacts this modulation.

Table 6. Summary of lifetime change in SHJ lifetime specimens with different architectures under light soaking at room
temperature with changes in the surface conditions.

Sample Initial Terr | Final Terr | Relative Tesr
ID Process Sequence | Time (h)
Structure (ms) (ms) | change (%)
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ni/Si/in A 1 sun, 70 °C 2 11.3 13 +15.04
Dark, 30kV positive
B+ corona charge with a 15 12.2 135 +10.66
distance of 25c¢m, 25°C
Dark, 30kV negative
B- corona charge with a 15 13.14 13.01 -1.01
distance of 25¢cm, 25°C
C 1 sun, 25 °C 2 12.48 12.92 +3.48
SiOx/ni/Si/in 1lsun, 25 C, -ve
C5- 8 12.25 12.09 -1.31
corona (5 pA)
1sun, 25 C, +ve
C5+ 8 12.57 15.45 +22.93
corona (5 pA)
1sun, 25 C, +ve
C2+ 8 10.48 12.50 +22.93
corona (2 pA)
1sun, 25 C, +ve
C8+ 8 12.30 15.19 +23.45
corona (8 pA)
ni/Silip A 1 sun 70 °C 8 35 4.2 +20
Dark, 30kV positive
B+ corona charge with a 15 3.78 3.84 +1.62
distance of 25cm, 25°C
Dark, 30kV negative
SiOx/ni/Silip B- corona charge with a 15 4.02 3.58 -10.88
distance of 25cm, 25°C
C 1 sun, 25 °C 12 4.38 4.33 +2.33
1sun, 25 C, +ve
C5+ 12 4.10 3.98 -2.71

corona (5 A)
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1sun, 25 C, -ve

C5- 12 3.88 3.53 -9.18
corona (5 pA)
1sun, 25 C, -ve
C2- 12 5.37 4.31 -19.86
corona (2 pA)
1sun, 25 C, -ve
C8- 12 6.45 4.96 -23.03
corona (8 A)

I now contrast the findings of this work with the current understanding of light-induced enhancement in
SHJ specimens. The hydrogen-rich amorphous silicon (a-Si:H) layer plays an important role in SHJ cells,
achieving excellent passivation on the c-Si surface with a thickness of only a few nm [231, 238, 239]. The
passivation properties are related to the H diffusion inside the cells [239-241]. The a-Si:H(i) layer passivates
the dangling bonds on the c-Si surface in two ways: (i) the deposited film provides the covalent Si-Si bonds to
saturate dangling bonds during film growth [36, 222]. (ii) hydrogen atoms are released from the a-Si:H(i) layer,
diffuse to the a-Si/c-Si interface and from Si-H bonds further saturating defects and improving passivation
quality [242, 243]. Crystalline Si specimens coated with only a single a-Si(i) layer could suffer from surface
passivation degradation at the c-Si/a-Si:H(i) interface during the light soaking [135, 244]. In the a-Si:H thin
film materials, Si atoms mainly exist as the Si-H bonds and Si-Si bonds with good stability, due to the large
bond energies [245-248]. Due to the disorder in the a-Si:H, the Si-Si bond lengths and angles are strained and
can be broken by external energy to form Si-H bonds or be reconstructed. If the broken strained Si-Si bonds
are not reconstructed, the dangling bond density of the a-Si:H film will be increased. This is referred to as the
Staebler Wronski effect (SWE), mainly in the bulk of the a-Si [35, 249]. Kobayashi et al. reported the light-
induced increase in efficiency in SHJ cells including an a-Si layer in 2016 [36], which contrasts with the normal
SWE. An efficiency enhancement of +0.3%aps Was observed with 1 sun light soaking treatment at 32 °C, and
a similar enhancement was observed under forward bias treatment (+2.8 V bias, current density of 41 mA/cm?).
This abnormal photovoltaic phenomenon quickly attracted widespread attention in the photovoltaic field [35,

37, 250].

Mahtani et al. reported the improvement of the lifetime for SHJ samples only exists in the presence of

doped layers during the light soaking treatment, while no enhancement is observed on the samples with only
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an intrinsic amorphous layer on both sides [35]. For the intrinsic case, the light soaking causes the reduction
in lifetime, and the subsequent dark annealing recovers the degradation, which correlates with the expected
SWE degradation. Wright et al. reported that the application of 100-sun illumination at 200 °C can increase
the efficiency of SHJ cells up to 0.7%abs after 30 seconds treatment, which shows that carrier concentration
has an impact on the enhancement rate [37]. However, the mechanism behind light soaking enhancement in
SHJ cells remains unclear. The current hypothesis is that hydrogen migrates to the a-Si:H/c-Si interface to
improve surface passivation due to the electric field induced by the doped layers [136]. In SHJ cell, the a-
Si:H/c-Si interface is always combined with a doped a-Si layer for selective carrier extraction [251] . During
the light soaking treatment, the injection carrier will weaken the hydrogen ions bonding in the a-Si:H(i) layer
and increase the concentration of the mobile hydrogen atoms. Through the built-in electric field generated by
the doped layer, migration of hydrogen ions to the c-Si/a-Si(i) interface is promoted. The mobile hydrogen

atoms saturate dangling bonds reducing interface states and thus recombination at the c-Si surface [35, 252].

The involvement of hydrogen seems to play an important role in these architectures but little
understanding is yet available. It is possible that H dynamics are affecting the passivation observed after
establishing an electric field through the doped layer. In this thesis, Chapter 5 has shown that surface
polarisation can impact hydrogen migration in TOPCon architectures. Therefore, surface polarisation through
corona discharge was exploited in this chapter to study the hydrogen kinetics for SHJ specimens during light
soaking. Here, | present a hypothesis about the changes in the effective lifetime observed in ni/Si/in specimens
with varied surface polarisation under light soaking at room temperatures. A model based on the redistribution
of charged hydrogen atoms at the a-Si layer and diffusion of hydrogen atoms inside SHJ architectures under
varied surface polarisation conditions is presented in Figure 58. Figure 58.a shows a band diagram simulated
via Senarus TCAD (code provided by collaborator Pietro Altermatt) under illumination for no charge deposited
on the oxide surface layer. Once corona charge is deposited, an electric field arises at the surface as shown in
Figure 58.b. Here, | hypothesise the response of hydrogen atoms to the positive corona charge at the surface
for the ni/Si/in SHJ specimen. When the positive charge is present on in side, redistribution of the electron and
holes at the very surface of the n-doped a-Si is achieved. An excess electron concentration is created at the
SiOx/a-Si(n) interface. There, mobile H ions in the a-Si(n) would experience a drift mechanism. Consider the
possible charge states of H. While it is accepted that n-Si will primarily host H™ ions, it is noted that H would

be attracted to the SiOx/a-Si(n) interface due to the electric field. Under illumination, it would be possible to
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generate a small concentration of H* ions. | propose that it is such H* that is responsible for the changes in
passivation at the a-Si(i)/Si interface. Under even a small surface electric field in the a-Si(n) layer as pictured
in Figure 58.b, H* ions can diffuse towards the Si bulk and provide a passivating species most effective near
the a-Si(i)/Si interface. Then, the interface states at the a-Si(i)/Si interface are passivated, causing an increase
in the lifetime, as shown in Figure 56.a. When the positive corona current is increased, the increased intensity
of electric field at the SiOx/a-Si(n) interface leads to increased migration of H*, which causes further
improvements in lifetime as shown in Figure 57.a. When the negative charge is applied on in side, holes would
gather at the SiOx/a-Si(n) interface and no H* migration is promoted. The concentration of H" in the a-Si(n)
layer remains almost unchanged since H- ions are the predominant species, compared with the anneal-only
specimens without corona charge, which caused a similar change trend for processes C5 and C5 in Table 6. |
postulate that the presence of H* species captured at the a-Si(i)/Si interface causes a decrease in the defect

concentration.
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Figure 58. Schematic of band diagram and motion of hydrogen for the SHJ architecture with structure of SiOx/a-
Si(n)/a-Si(i) stack with n-type silicon substrate with varied surface polarisation under 1 Sun illumination. (a) without
surface polarisation on the SiOx film at in side (b) with positive corona charge on the SiOx film at in side.

6.10 Summary

In this chapter, the impact of a surface electric field on the nature of the enhancement of the SHJ
specimens under light soaking is investigated. It is identified that the application of the corona charge on the
surface can affect the lifetime changes for SHJ specimens under 1 sun illumination at room temperature. For

SHJ symmetric lifetime samples with a-Si (n) / a-Si (i) on both sides, a positive corona charge can accelerate
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and enhance the improvement of the sample lifetime. In contrast, a negative charge has almost no impact on
the change. For SHJ lifetime samples with a-Si (n) / a-Si (i) and a-Si (p) / a-Si (i) on different sides, negative
corona charge on the in side will cause loss of lifetime. It is proposed that the cause of this instability is the
migration of mobile hydrogen near the c-Si / s-Si(i) interface. The movement of hydrogen is controlled by the
charge state of hydrogen atoms in the substrate and the applied electric field, provided by the doped layer and
surface electric field. The application of the surface electric field via the corona charge method can provide
insights into the role of hydrogen-induced enhancement of the SHJ architectures and further improve the

lifetime of the SHJ specimens in the actual field.
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Chapter 7 Summary and Future Work

7.1 Overview

Degradation in silicon solar cell architectures is a critical factor affecting the total energy yield of solar
installations in the field [27, 127, 145, 191, 253]. Studying the mechanism behind these degradations and
finding methods to mitigate them is essential to maintain cell efficiency and thus boost the deployment of solar
energy. In this work, the mechanisms of light-induced interface-related instabilities in three different
architectures (PERC, TOPCon and SHJ) are investigated, with the specific focus on surface electric fields and
assessing the links to hydrogen in silicon. Current-voltage measurement and photoconductance lifetime
characterisation technigues were implemented to gain a detailed understanding of the kinetics of what |
proposed as hydrogen passivation/depassivation. The H migration occurs in different architectures with

injected carriers via bias or illumination.

Following the application of a forward/reverse bias cycle on the PERC and TOPCon cell architectures at
elevated temperatures, a bias-controlled contact resistance change is observed at the Ag/n-type Si interface for
both solar cells. This is the first time such interface instabilities have been reported for a TOPCon solar cell
architecture. Experimental results showed that the concentration of the interface states at the silicon/metal
contact interface can be controlled by the migration of hydrogen by the electric field across the whole cell. The
application of the reverse bias was able to mitigate the increased contact resistance to a certain extent. A novel
model was presented that predicted the redistribution and migration of the H with different charge states across
the whole cell, and the subsequent drift of the H" ions across the silicon/metal contact interface. It was
concluded that instabilities of contact resistance change in PERC are caused by the flow of charged particles,
with hydrogen as the most likely candidate. The ability to mitigate the unwanted increased contact resistance
in the cell presents a new avenue to understand and potentially avoid the loss of cell efficiency in solar devices

both during manufacturing and in the field.

Through the application of surface electric fields, this work demonstrated that a corona charge on surface
dielectric layers influenced the minority carrier lifetime in TOPCon and SHJ cell structures. The lifetime
changes were investigated during light soaking treatments with varying amounts and polarities of surface

electric field. 1t was demonstrated that the chemical passivation of the interfaces can be impacted by the
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polarity and strength of the surface polarisation on the dielectric layer. For TOPCon architectures, the
combination of light soaking and positive charge on the SiOx / n-type poly-Si / SiNx surface drastically
enhances the amount of degradation, which is identified as EFID. The EFID process can lead to severe
recombination losses, however, these losses can be recovered by the standard light soaking treatments. It is
hypothesised that the cause of such surface-related degradation (SRD) in TOPCon is the accumulation of
excessive hydrogen near the c-Si / SiOy interface. The surface polarisation impacts the migration of the residual
hydrogen ions inside the dielectric layer and the concentration gradient of hydrogen atoms causes the diffusion

to the interface.

For SHJ architectures, the combination of light soaking and positive charge on the ni side can lead to a
23% increase in the lifetime for the ni/Si/in specimens. However, loss of lifetime for the ni/Si/ip specimen is
observed when light soaking is combined with the surface polarisation on ni side, independent of the polarity
of the electric field. It is hypothesised that the lifetime changes are due to the H- driven to/away c-Si/a-Si layer
by the doped layers. The application of the surface electric field via the corona charge enhances the drift of H
ions, accelerating such processes. It can be used as a characterisation method for detecting the presence of
hydrogen and further controlling its migration across different interfaces to improve the properties of the cells

in the field.

Comparing the observed changes in interface properties for these three solar cell architectures allows the

identification of similarities between them:

1. The instability is caused by the migration of hydrogen across different interfaces:
(i) H ions to n-type Si/Ag interface caused the increased contact resistance for the PERC and
TOPCon cell.
(i) H and H° atoms reaching the poly-Si / SiOx/ c-Si interfaces caused the deterioration of the
surface passivation for TOPCon specimens.
(iii) H° atoms at a-Si:H(i) / c-Si interface led to the increase of lifetime in the presence of doped
layers

2. The migration of hydrogen is controlled by the charge state and electric field across it.

A key finding in this work is that the surface electric field can not only improve passivation from field-
effect (FEP) but also lead to the change of the interface chemical composition, particularly on H-induced

defects. For the FEP, the application of the electric field on the surface of crystalline silicon will lead to the
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repulsion of the carriers with the same polarity, which reduces carrier recombination through the improvement
of carrier selectivity [57, 254]. For the chemical passivation, the recombination centres are deactivated through
a chemical reaction [56, 138, 254], as discussed in Section 2.3. It is well-reported that hydrogen passivation is
a highly effective chemical passivation method, yet the excess hydrogen can also cause undesirable
recombination (Section 2.6). In this work, the application of the surface electric field impacted the
redistribution of the holes and electrons in the dielectric layer. Further, it impacted the fraction of the
concentration of hydrogen atoms with different charge states inside it. Through the potential difference caused
by the concentration gradient and electric field across the cell, the migration of hydrogen atoms is achieved,
and the passivation properties are affected. It was demonstrated that the application of the electric field can be
an effective method to control the migration of hydrogen across different interfaces and further impact the
LeTID in PERC, SRD in TOPCon, and light-induced enhancement in SHJ specimens. The method by which
a surface field is controlled shows great potential to tailor hydrogen within the different interfaces in silicon

systems, helping maintain high efficiency in solar cells in the field.

Additionally, the combination of the electric field and current-voltage measurement shows great potential
as method to enhance current techniques for inferring hydrogen effects in silicon solar cells [138, 255-257] .
Hydrogen is extremely hard to detect. There are three main methods for detecting hydrogen in crystalline
silicon samples. The first is vacuum-based techniques to detect the total hydrogen concentration chemically
(including secondary ion mass spectroscopy [SIMS][258, 259], atom probe tomography [260]). The second is
the detection of hydrogen complexes such as hydrogen-metal, hydrogen-defect, or hydrogen dimers, typically
using infrared or Raman spectroscopy [261, 262]. A third is the observation of hydrogen deactivation of dopant
impurities via changes in resistivity [138, 256, 263]. The main problem for the first two approaches is
sensitivity. Typical hydrogen concentrations in the bulk of silicon solar cells have been estimated between
10%* and 10?° atoms/cm?® with at most a few per cent of this being mobile and able to participate in reactions
below 200<C [257]. The normal detection limit for H in SIMS can be achieved to 10*° atoms/cm?, while the
use of the H isotope deuterium greatly improves the detection limit to 10'® atoms/cm? [264]. Still, very few
studies have been carried out using deuterium substitution in dielectric layers. It is difficult to get samples with

deuterium substitution.

Such difficulties in tracking hydrogen explain the rationale behind my use of resistance measurement to

detect hydrogen inside silicon cells. Hydrogen plays a highly important role in the passivation technique and
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light-induced degradation in silicon solar cells [29, 160, 254]. Characterising and controlling the concentration
of hydrogen at different interfaces will lead to a better understanding and enhancement of actual devices. The
application of surface electric fields via the corona charge or direct bias shows a potential good method for

inferring the effects of hydrogen and controlling the kinetics of hydrogen in PV systems.

7.2 Future work

The application of surface polarisation on the different cell architectures in this work has shown promise
in controlling the migration of hydrogen across the various interfaces. The properties of the lifetime specimens
under the light soaking treatment with the application of surface polarisation are investigated. This work
mainly focuses on the passivation stack with the n-type doped Si layer and the n-type Si substrate interface.
The study of the surface polarisation on the p-type doped Si layer (emitter) side could also lead to further

understanding of the hydrogen kinetics in the field.

More generally, the understanding of H at different interfaces of Si solar cells still requires a series of

new experiments, including:

1. The current-voltage measurement results for the PERC specimens during bias annealing show
increased contact resistance related to the charged ions with great mobilities in the cells, most likely
hydrogen. However, it cannot be physically confirmed that hydrogen must be the response atoms.
The repeated experiments with samples with deuterium substitution and the SIMS might confirm
the actual responsible charged ions and improve the accuracy of the model.

2. The model of the hydrogen dynamics in TOPCon specimens presented focuses on the n-type poly-
Si layer/ n-type Si interface. The results in the precursors without metallisation show a different
trend compared with the symmetric specimen with n-type poly-Si layer. The surface polarisation test
should be repeated in the symmetric specimen with p-type poly-Si layer. The passivation
performance and kinetics of the charged ions in the p-type doped layer should be explored.

3. For the hydrogen migration model of the TOPCon in this work, it is hypothesised that the residual
hydrogen in the dielectric layer was impacted by the surface polarisation and caused further
hydrogen diffusion across the c-Si / SiOx interface. The SiNx layer of the TOPCon specimens after
the EFID process could be etched off and deposited with the new charge-holding layer. Then, the

experiment in Chapter 5 can be repeated to confirm whether the EFID effect comes from the H in
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the SiNx layer. A suitable etching method for the dielectric layer should be developed to achieve
this without damaging the poly-Si layer.

Chapter 6 showed that surface polarisation can enhance the lifetime of SHJ specimens during light
soaking, but the stability of the charge-holding of the PECVD deposited SiOx is not good. The
corona-charged ions could penetrate the pinhole of the dielectric layer and impact the doped layer.
A better charge-holding dielectric layer deposition method for the SHJ specimens could be
developed and the atomic layer deposition method is a viable candidate.

The kinetics of hydrogen in the ni/Si interface of SHJ specimens is investigated here. The surface
polarisation test could be repeated in pi/Si/ip specimens. Then, a better understanding of the kinetics

of the charged ions in SHJ specimens could be explored.
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Appendix

Optimisation of Low-temperature PECVD recipe

In this section, the other three processing parameters (the gas ratio, chamber pressure and RF power) were
varied to be optimised from the standard recipe. Each recipe had only one parameter changed, as shown in
Table 7. Table 7 summarises all the tested recipes and Figure 59 shows the thickness and the charge-holding
ability of all the deposited SiOx layers with these recipes. For each deposition, 4 cm x 4 cm specimens from

group 72 were used.

Table 7 Low temperature PECVD SiOx recipes

Silane .
) (SiH.) Nltr'ous Pressure | RF power Time
Recipe Group flow Oxide (mTorr) (W) TCO (min)
(N2O) flow
rate
(sccm) rate (sccm)
Standard 170 710 1000 20 350 1min5ls
RF power test
1 170 710 1000 20 200 1min5ls
2 72A 170 710 1000 40 200 1min51s
3 170 710 1000 80 200 1min51s
80 W RF power
4 120 760 1000 80 200 1min51s
5 150 730 1000 80 200 1min51s
3 2B 170 710 1000 80 200 1min51s
6 200 680 1000 80 200 1min5ls
7 250 630 1000 80 200 1min5ls
8 300 580 1000 80 200 1min5ls
9 120 760 1200 80 200 1min5ls
10 72C 150 730 900 80 200 1min5ls
11 170 710 800 80 200 1min5ls
20 W RF power
12 120 760 1000 80 200 1min51s
13 150 730 1000 80 200 1min51s
14 170 710 1000 80 200 1min51s
15 72b 200 680 1000 80 200 1min51s
16 250 630 1000 80 200 1min51s
17 300 580 1000 80 200 1min5ls
18 72E 200 680 800 80 200 1min5ls
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19 200 680 900 80 200 1min51s
20 200 680 1100 80 200 1min51s
21 200 680 1200 80 200 1min51s
Optimisation
22 150 730 1000 80 200 70.75s
23 170 710 1000 80 200 65.45s
24 200 680 1000 80 200 57.65s
25 150 730 1200 80 200 70.75s
26 170 710 1200 80 200 65.45s
27 2oF 200 680 1200 80 200 57.65s
28 120 760 1000 20 200 70.75s
29 150 730 1000 20 200 65.45s
30 170 710 1000 20 200 57.65s
31 120 760 800 20 200 70.75s
32 150 730 800 20 200 65.45s
33 170 710 800 20 200 57.65s

| varied RF power at first. 20 W RF power shows the best stability of charge holding, while 80 W RF
power shows the biggest amount of charge holding. Considering the stability of the passivation layer at 200 °C

and the charge-holding ability, 20 W and 80 W RF power are used for further tests.
Then | varied the gas ratio and pressure with constant RF power.
For the recipes with the 80W RF power:

a) Gas ratio with recipe 5 (150 sccm of SiH, and 730 sccm of N2O) leads to the biggest change in PCD

b) Pressure with 1200 mTorr leads to the biggest change in PCD
For the recipes with the 20W RF power:

a) Gas ratio with recipe 12 (120 sccm of SiHs and 760 sccm of N2O) leads to the biggest change in
PCD

b) Pressure with 800 mTorr leads to the biggest change in PCD

In the end, | combined all these parameters to get the best recipe. Recipe 28 shows a good ability for
charge holding and the best stability of the charge storage among all the recipes, identified as the recipe A in
Table 5. Recipe 28 shows the best ability for charge holding and a good stability of the charge storage among

all the recipes, identified as the recipe B in Table 5.
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Figure 59. The thickness and charge-holding ability of PECVD SiOx with different recipes. (a) Recipes 1-3 with
different RF power and the application of constant gas ratio and pressure. (b) Recipes 4-8 with different gas ratio and
the application of 80W RF power and constant pressure. (c) Recipes 9-11 with different pressure and the application of
80W RF power and constant gas ratio. (d) Recipes 12-17 with different gas ratio and the application of 80W RF power
and constant pressure. (e) Recipes 18-21 with different pressure and the application of 80W RF power and constant gas
ratio. (f) Recipes 22-27 with optimisation of gas ratio and pressure for 80W RF power. (g) Recipes 28-33 with
optimisation of gas ratio and pressure for 80W RF power.
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