Laser Processing and Rapid Thermal Annealing of

High-Efficiency c-Si Photovoltaic Devices

A Ph.D. thesis dissertation
presented to the faculty advisory committee
at the School of Engineering and Applied Science of the

University of Virginia

In partial fulfillment
of the requirements for the degree of
Doctor of Philosophy

Charles L. Brown Department of Electrical and Computer Engineering

By
Arpan Sinha

December 2023



Copyright © 2023 Arpan Sinha

All Rights Reserved.



APPROVAL SHEET

This Ph.D. dissertation is submitted in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy (Electrical and Computer Engineering)

Arpan Sinha

This Ph.D. dissertation has been read and approved by the Examining Committee:

Professor Mool C. Gupta, Advisor (ECE)

Professor Jon F. Ihlefeld, Committee Chair (ECE & MSE)

Professor Andreas Beling (ECE)

Professor Avik Ghosh (ECE & Physics)

Professor Kyusang Lee (ECE & MSE)

Accepted for the School of Engineering and Applied Science:

Professor Jennifer West, Dean, School of Engineering and Applied Science

December 2023



i

Wy parenss, Slotesh and Danehita Hinka

DoraDBrathman

‘All this is Brahman. Everything comes from Brahman, everything goes back to Brahman, and everything is sustained by

Brahman. One should therefore quietly meditate on Brahman.’ Chandogya Upanishad 3.14.1



Acknowledgments

| am grateful to my advisor, Professor Mool C. Gupta, who has inspired me to strive for
excellence, guided me at every step to achieve my goals, and helped me to build my academic
career. Through his guidance and support, | had the opportunity to pursue quality research and
learned to address any problem with a strict research temperament.

| would also like to thank my committee: Professor Jon F. lhlefeld for serving as my
committee chair as well as training me in atomic layer deposition; Professor Andreas Beling for
all the fruitful discussions on my research and future academic career; Professor Kyusang Lee, for
enlightening me with the thin-film optoelectronics; and Professor Avik Ghosh, for your unique
and captivating pedagogy style in nanoelectronics and quantum mechanics, guidance and moral
support during every critical moment. Your collective contributions have made a significant
impact on my academic and research journey.

| acknowledge the support and funding of the NASA Langley Professor Program, NSF
I/UCRC program grant No. 1338917, NSF ECCS grant No. 2005098, and DOE award No. DE-
EE0007534. | would also like to thank my inter-university collaborators and colleagues: Professor
Steven Hegedus, Prof. Ujjwal Das, Dr. Kevin Dobson, and Dr. Anishkumar Soman at IEC, UDel;
Professor Ajeet Rohatgi, Sagnik and Jake at Georgia Tech and Dr. Berhanu Bulcha at NASA
Goddard Space Flight Center.

I would like to extend thanks to the staff and administrators who answered my questions,
supported me, and endured my shenanigans throughout my graduate experience: Richard, Dr.

Cathy Dukes, Alex Lobo, Joe Beatrice, and Nick of the NMCF and IFAB Cleanroom. | would like



to give a special thanks to Beth and Crystal of UVA ECE Dept., who were always there for moral
support and help. Thank you for your guidance and helping me with the impossible.

In addition, my gratitude extends to my friends and colleagues who have helped me along
the way: Elisa, Alan, Kai, Moon, Tushar, Joel, Chris Duska, Toriqul, Raju, Pawan, Anil, Anustup,
Mahantesh, and Abhishek for their companionship and fruitful discussions throughout my time at
UVA. My special gratitude goes to George and Vinay for being true and reliable friends.

A thankful note does not suffice when it comes to my parents, Alokesh and Sanchita Sinha,
who gave their unwavering support, infinite love, sacrifice, and encouragement. Thank you to my
grandparents and all my family members. This whole journey has been an ode to my life for
providing me with all the opportunities, achievements, failures, and extraordinary circumstances
which have made me more deserving than ever. | devote everything | have and | will to Shri

Lakshmi.



Abstract

Recent developments in the c-Si photovoltaic (PV) solar cells based on inter-digitated
back-contact heterojunctions (IBC-HJ) and carrier selective layers have resulted in record power
conversion efficiencies. Multiple photolithography steps, high-temperature masked deposition,
and furnace annealing are employed to fabricate these high-efficiency devices. Unfortunately, such
conventional methods increase the thermal budget and technical complexity, affecting the
levelized cost.

This thesis describes a comprehensive scientific investigation of laser processing and rapid
thermal annealing (RTA) in improving solar cell device performance and circumventing the
limitations of conventional fabrication methods. Different materials, optical, and electrical
characterization techniques were employed to support the scientific investigations.

This work has investigated: (1) the selective laser ablation of top sacrificial a-Si:H layers
without damaging underneath the passivation layer in IBC-HJ solar cell, (2) the use of RTA under
different temperatures and atmosphere for B-doped p-TOPCon solar cell fabrication, (3) the effects
of RTA thermal and cooling cycles on the passivation quality in B-doped p-TOPCon solar cells,
(4) the thermal annealing behavior of transition metal oxide based PV devices, and (5) the use of
laser heat for selective KOH etching of Si without any laser-induced damages.

The main results are (1) the achievement of high carrier lifetime and open circuit voltage
after optimized nanosecond pulsed laser ablation, (2) the use of Essential MacLeod simulated color
charts to determine the laser ablation depth accurately, (3) the effect of RTA treatment on the
reduction in the hydrogen-induced blister formation, enhancement of the passivation quality,

increased dopant activation and effect of SiNx capping layer on B-doped p-TOPCon PV devices,



(4) Optimized longer cooling times to achieve good passivation quality and dopant activation in
B-doped p-TOPCon solar cells, (5) the optimization of ALD Al203, TiOx and PVD MoOx and
successful laser annealing to fabricate bifacial TMO-based CSPC solar cells, and (6) the feasibility
of selective laser-assisted chemical etching using a ps-pulsed laser to create patterns on Si surface
without any laser-induced defects and has potential applications in a wide variety of Si devices.
This work shows the successful implementation and limitations of laser processing and
RTA in fabricating high-efficiency silicon photovoltaic devices. A fundamental understanding of
the laser material interaction and RTA in high-efficiency silicon photovoltaic devices is
provided. Both IBC-HJ and TOPCon c-Si devices are expected to dominate the future
photovoltaic market, so the presented results will be helpful in the advancement of both

technologies.
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CHAPTER 1: Introduction and Motivations

The increase in global energy demands has been met by excessive consumption and
exploitation of non-renewable fossil fuel resources such as crude oil, natural gas, and coal.
Regrettably, these resources are inherently unsustainable and finite. Consequently, the depletion

of these resources has resulted in significant price increases.

Global CO2 emissions from fossil fuels and land use change, World

s Total (fossil fuels + land use change)
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Source: Global Carbon Budget (2022 OurWorldInData.org/co2-and-greenhouse-gas-emissions « CC BY

Fig. 1. 1 Data from the Global Carbon Budget 2022 shows the Global CO; emission from fossil fuels. (Reproduced

from ref. [1] with permission of the Copernicus Publications, Earth System Science Data, and Our World in Data.).

According to reports from MET Group energy company and substantiated by the Energy
Institute (EI) as of 2020, the reserves-to-product (R/P) ratio for coal is estimated to last for 139

years, while oil reserves are expected to sustain for 57 years, and gas reserves for 49 years [2][3].
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In addition to these economic and energy reserve challenges, anthropogenic climate changes,
including global warming, CO2 emissions, pollution, ocean acidification, and land degradation,
have substantially damaged the world's ecosystems. The Global Carbon Budget 2022 report, as
shown in Fig. 1.1., states that the combined global impact of oil, coal, and gas resulted in
approximately 35 billion tons of CO2 emissions in 2021, with coal consumption being the primary
contributing factor [1]. Furthermore, the toxic spills and waste generated from fossil fuel usage
further harm the environment. Managing these toxic byproducts also increases labor costs,
expensive infrastructure requirements, and health concerns. Therefore, such ongoing global issues

can be tackled by advocating the use of renewable energy resources as an alternative.

Coal
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Fig. 1. 2. Data from IEA 2023 shows the increasing dominance of solar PV technology over all other energy
resources. (Reproduced from ref. [4] with permission of the IEA, under creative commons attribution License: [CC

by 4.0])
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Renewable energy resources encompass sustainable options such as solar photovoltaics
(PV), wind power, air energy, geothermal energy, biofuels, and hydropower. These represent vast,
sustainable reserves that not only reduce carbon emissions but also avoid the production of harmful
byproducts. According to the International Energy Agency's (IEA) International Energy Outlook
2019 (IEO2019) and the Annual Energy Outlook 2022 (AEO2022), renewables are expected to
collectively contribute to 49% of global electricity generation and 44% of U.S. electricity by the
year 2050 [5][6]. Solar PV technology is anticipated to experience the most rapid growth among
renewable sources. In the renewable energy sector, solar PV technology has emerged as a
formidable contender, challenging the dominance of wind technology in renewable capacity and
commercialization. In fact, the International Energy Agency (IEA) reported that the cumulative
power capacity of solar PV generation surged to 12.8% in 2022, as shown in Fig. 1.2., surpassing
wind technology for the first time [4]. Solar PV's appeal is further enhanced by its advantages,
including predictability, space efficiency, low maintenance requirements, flexible scalability,
rapid deployment, modularity, and positive environmental impacts. As a result, investing in
scientific research and development of PV technology has become increasingly important to drive
global PV capacity growth even further.

The economic dimension of achieving maximum electrical power generation while
minimizing expenses is pivotal in sustaining the global dominance of PV technology within the
renewable energy market. This economic consideration, often quantified through the Levelized
Cost of Energy (LCOE), expresses the cost-effectiveness as the cost per kilowatt-hour ($/kWh).
Lai et al. define LCOE as an economic evaluation of the total cost of constructing and operating a
power-generating asset over its lifespan, divided by the total energy output produced by that asset

over the same period [7]. Consequently, ensuring the systematic and cost-efficient utilization of
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resources and reducing LCOE becomes essential for advancing PV technology. Recent findings
from Lazard indicate a declining trend in the LCOE for unsubsidized solar PV cells, signifying a
decrease in the overall cost and a positive trajectory for PV technology in the renewable energy
market [8]. This reduction in LCOE can be achieved through two principal approaches: (1)
lowering fabrication costs and production time and (2) enhancing power conversion efficiency.

The major shares of the total production expenses associated with PV technology are
attributed to fabrication costs and production time. Solar cell fabrication typically involves a series
of intricate and time-intensive processes that not only impede overall scalability and efficiency but
also contribute to increased expenditure. Additionally, using heavy equipment and managing toxic
waste further contribute to the overall cost and time requirements. Photolithography, for instance,
entails a sequence of time-consuming steps, including applying toxic photoresists through spin-
coating, creating costly masks, alignment processes, development, and chemical etching. High-
temperature furnace annealing, carried out over extended durations, can inadvertently damage the
underlying layers within solar cell structures, raising the overall thermal budget. Furthermore,
during furnace annealing, there is limited control and flexibility regarding heating, holding, and
cooling times.

To address these shortcomings in the PV fabrication process, laser processing has emerged
as a recognized alternative to traditional methods. Laser processing has proven to be a highly
effective tool, offering advantages such as patterning flexibility, precise spatial and depth
resolution, exceptional selectivity, and the ability to control temperature precisely. Additionally,
various laser parameters, including wavelength, pulse width, repetition rate, peak pulse energy,
and fluence, can be tailored to match the material's absorption depth and the specific requirements

of the laser processing task [9]. Consequently, systematic research and scientific investigations are
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imperative to comprehensively understand laser-material interactions and optimize the diverse

applications of laser processing to develop cost-effective and manufacturable solar PV cells.
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Fig. 1.3. Data from NREL shows the R&D timeline of global solar PV technology to date. (Reproduced from ref. [10]

with permission of the NREL).

Photovoltaics (PV) operates on the fundamental principle of converting incident solar
energy into useful electrical energy. Thanks to its limitless availability and a broad range of
wavelengths, solar energy can be efficiently captured and harnessed by engineering solar PV
device structures. According to the most recent NREL Best Research-Cell Efficiency Chart, as
shown in Fig. 1.3., the highest laboratory-based efficiencies are achieved by multi-junction solar
cells with four or more junctions (concentrator) developed by FhG-ISE, reaching an impressive
47.6%, and three-junction solar cells (non-concentrator) by NREL, achieving 39.46% efficiency
[10]. Crystalline silicon (c-Si) based solar cells dominate the global PV market, claiming a
staggering 95% share. Among these, monocrystalline Si holds the lion's share, accounting for 70%
of all c-Si modules manufactured in 2019 [11]. Noteworthy c-Si based solar cell architectures like
the Interdigitated Back Contact Heterojunction (IBC-HJ) and carrier-selective Tunnel Oxide
Passivated Contacts (TOPCon) have achieved record laboratory-based efficiencies exceeding 26%
[12]. In contrast, commercially available c-Si solar cells typically exhibit 17% to 20% efficiencies.
Consequently, there is a compelling need to bridge the efficiency gap between commercial and
laboratory-based c-Si solar cells and approach the theoretical limit of 33%, as defined by the
Shockley-Queisser limit [13].

The IBC-HJ modules, a prominent design among crystalline silicon (c-Si) solar cell
architectures, are projected to capture more than 50% of the global market share by 2030, with the
current cost for this technology reduced to $0.30 per watt [14][15]. This architecture has gained
significant traction due to its advantages, including minimal shading loss, reduced series

resistance, higher power output per unit surface area, a smaller temperature coefficient, and the
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ability to optimize optical and electrical properties independently. However, the drawbacks of the
IBC-HJ architecture include its high fabrication complexity and production cost. The
manufacturing process involves intricate steps, including lithography, masking, UV exposure,
Chemical Vapor Deposition (CVD), selective chemical etching, and complex interdigitated multi-
stack heterojunction layers for n+ and p+ emitters diffusion. Mask-metallization and the
management of waste chemicals further contribute to the total fabrication time, expenses, and
operational and maintenance costs. Laser patterning is a promising alternative to certain
lithography-based fabrication stages in this context. Laser ablation, which can be optimized to
achieve controlled depths, followed by straightforward selective wet chemical etching, can
potentially replace some of these stages. To unlock these possibilities, comprehensive
investigations into the physics governing laser-material interactions are required to facilitate the
development of laser patterning techniques for IBC-HJ silicon solar cells.

Among crystalline silicon (c-Si) solar cells, another popular category is the carrier-
selective passivated contacts (CSPC) solar cells, which can be divided into two major subtypes:
TOPCon and transition metal oxide (TMO)-based Si solar cells. The TOPCon technology is a
formidable contender and is expected to capture over 70% of the global market share in production
by 2027, indicating a significant industry shift towards TOPCon [16]. This preference for TOPCon
can be attributed to its advantages, including stability during high-temperature fabrication,
straightforward manufacturing steps for emitter layers, flexibility in doping, and suitability for
screen-printing processes. One crucial but time-consuming step in present TOPCon production
involves tube-furnace annealing at temperatures between 800 and 900 °C. This annealing step
enhances passivation at tunneling interfaces, activates dopants, induces poly-crystallization carrier

selectivity, and overcomes Schottky barriers in metallization. However, furnace annealing has
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limitations, such as limited control over annealing atmospheres, heating, holding, and cooling
times, as well as operational and maintenance costs. On the other hand, novel TMO-based CSPC
Si solar cells feature asymmetric band offsets, high work functions ranging from 3.5eV to 7 eV,
carrier mobility, and selective tunneling properties at the bulk—contact interface through electron
transport layers (like TiOy), hole transport layers (like MoOx), and tunneling dielectric layers (like
AlOy, SiOx). This architecture eliminates the need for dopants, involves low-temperature
processing, employs simpler and cost-effective deposition techniques, minimizes parasitic losses,
enhances optical transparency, and aligns well with industrial production processes [17]. However,
the drawback is the requirement for furnace annealing at temperatures ranging from 100 to 350 °C
after each intermediate deposition step. To overcome the limitations associated with furnace
annealing and reduce the overall thermal budget for both CSPC Si device structures, laser
annealing and rapid thermal annealing (RTA) hold immense potential. Conducting comprehensive
investigations into laser annealing and RTA techniques can significantly enhance the development
of high-efficiency CSPC silicon solar cells.

This dissertation studies using RTA, pulsed laser ablation, and heating to improve the
performance of major c-Si PV devices like IBC-HJ, CSPC, and TMO solar cell technology. This
approach addresses the limitations of traditional furnace annealing and provides a fundamental
understanding of laser processing applied to photovoltaic devices. A basic understanding of laser-

induced defects is essential for developing improved carrier-selective contacts.
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CHAPTER 2: Theoretical background of the operation principles of

Si solar cells and laser-material interactions

2.1. Silicon solar cells

A solar cell is a semiconductor optoelectronic device that absorbs the incident solar energy
and converts it into usable electrical energy following the principle of photovoltaic effect. If an
external load is connected to the solar cell, the electrons will flow through the load, creating an
electric current. The amount of current that flows through the load depends on the solar cell's

voltage, incident light intensity, and the load's resistance.

Photon

c-Si c-Si
absorber “ » absorber

0,<0, electrons selective

Fig. 2.1. Schematic diagram of the photogeneration of e-h* pair due to a single light photon followed by separation

and extraction of e*-h* pair.

In the Si solar cell architecture, the regions of excess carriers like holes and electrons are
created by doping Si substrate with Group Il elements (like Boron) and Group V elements (like
Phosphorus), respectively, leading to a p-n junction. When an incident light photon energy is

absorbed, an electron (¢7) is excited to the higher conduction band, leaving a hole (h™) in its lower
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valence band and generating an e™-h™ pair. Due to the built-in potential and electric fields across
the p-n junction, the e™-h* pair gets separated, which needs to be extracted by metal contacts before
any recombination. Fig. 2.1. shows the schematic of generating and extracting e-h* pairs in a
bifacial Si solar cell. For optimal performance, it is essential to minimize series resistance and

ensure a sufficiently high shunt resistance.

Current

Voltage Voc

Fig. 2.2. The current-voltage (I-V) characteristics of a non-ideal solar cell under light exposure.

The solar cell performance is experimentally measured under dark and 1-sun (1000 W/m?)
calibrated illumination conditions at constant room temperature (300 K) and AML1.5 conditions.
The resultant current-voltage (1-V) characteristic curve, as shown in Fig. 2.2., is used to evaluate
the open-circuit voltage (Voc), short-circuit current (Isc), fill factor (FF), and power conversion

efficiency ().
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The open-circuit voltage Voc is defined as the maximum voltage output of a solar cell,
occurring when there is no current flow, and it results from the inherent forward bias caused by
the presence of light-generated current. The equation is as follows:

Voc = ﬂln (I—L+ 1)

q Iy
where n is the ideality factor, k is the Boltzmann constant, T is the temperature in Kelvin, q is the
electronic charge, I is the photocurrent, and lg is the dark "leakage™ current.

The short circuit current Isc is defined as the current through the solar cell when the voltage
across the solar cell is zero (i.e., when the solar cell is short-circuited), and it is equal to the
photocurrent 1. magnitude in short circuit condition. The fill factor (FF) is the ratio of the
maximum power (Pwmp) from the solar cell to the product of Voc and Isc. The equation is stated as

follows:

Pyp  Vup X Iyp

FF = =
Voc X Is¢  Voc X Isc

The power conversion efficiency 1 is defined as the fraction of incident power converted
to electricity and expressed as the ratio of the product of FF, Voc, and Isc to the input power Pin.
The equation is as follows:

_ Voc X Isc X FF
= P

A theoretical limit of the maximum efficiency that a single p-n junction solar cell can attain
under ideal conditions is called the Shockley-Queisser limit [18]. The Shockley—Queisser limit for
single junction solar cells is 29.4-33.7%, depending on the bandgap. All the practical c-Si solar

cells have failed to achieve this limit due to the optical and electrical losses.
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Fig. 2.3. Schematic diagram of the unpassivated surface dangling bonds, passivated surface bonds, and hydrogenated

surface on a c-Si substrate.

Recombination losses are caused by the unwanted recombination of electrons and holes
before reaching metallic contacts. There are four major types of recombination: radiative,
Shockley-Read-Hall (SRH), Auger, and surface states [19]. In c-Si solar cells, high defect density
and dopant concentration cause SRH and Auger recombination. Lastly, the dangling bonds at the
terminated Si surface act as surface defect states for recombining charge carriers. Passivation of
these surface states by dielectrics (e.g., oxides) and external hydrogenations (e.g., forming gas
annealing) increases the minority carrier lifetime (MCL) and diffusion length, resulting in
inhibition of the recombination process, as shown in Fig. 2.3. Good passivation at the surfaces and
interfaces leads to higher MCL and higher efficiency of the Si solar cells. Lee et al. have provided

the exponential relation between the lifetime ters and iVoc, which is as follows [20]:

o _niexp(qVoc/kT)
T In(N + An)/qW
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where Jpn is the photo-generated current density, N is the dopant density, An is the excess carrier
density, n; is the intrinsic carrier concentration, g is the elementary charge, k is Boltzmann's
constant, W is the wafer thickness, and T is the absolute temperature in Kelvin.

The Sinton Instruments WCT-120 Silicon Wafer Lifetime Tester is a widely used
commercial instrument to characterize the performances of solar cells in terms of
photoconductance and other solar cell performance parameters like implied open circuit voltage
(iVoc), effective minority carrier lifetime (tefr), effective surface recombination velocity (Seff),
sheet resistance and fill factor (FF) are calculated. This apparatus operates on the principle of a
time of flight experiment. The apparatus consists of three primary components: a xenon flash lamp
mounted on a stand, a sample platen containing a radio frequency (RF) assembly, and computer
containing a National Instruments data acquisition card. The system is controlled through

Microsoft Excel. The setup picture and the block diagram of the Sinton lifetime tester is shown in

i Xenon Flash
Lamp

Fig. 2.4.

Reference Cell

Flash
Sample Supply
| ol
I
DAQ 1=~ Computer

B RF Coils §_
. Voltage

f/\> Probe
: RF Generator
(@) (b)

Fig. 2.4. (a) Setup and (b) block diagram of Sinton lifetime tester to measure minority carrier lifetime and iVoc.
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After the pulsed flash lamp exposure, the photo-induced carriers increase the
photoconductance (o) in the sample device under test (DUT) and this change is converted to a
voltage signal by electromagnetic induction in the RF coils which is as follows:

oc=al?+bV+c
where a, b and c are the calibrated constants. The resistance is calculated from the reciprocal of o.

The induced excess carrier density (An) is calculated by the following equation:

Ao

An = ———
qQW (kn + 1p)
where Ac is the photoconductance difference between light and dark conditions, W is the device

thickness, q is the charge and («,, + ,up) is the combined mobilities of electrons and holes.

A reference solar cell synchronizes the conductivity measurement with the light pulse. The
decay rate of the light pulse (reference solar cell voltage) is compared to that of the RF coil voltage
to determine the effective carrier lifetime in the following generalized form:

— An(t)
- dn
where G(t) is time-dependent generation rate of carriers. Under the quasi-steady state (QSS)

. . . .- dA . . . i -
illumination conditions, d—tn tends to be zero. Hence, in our typical carrier lifetime measurements,

the details of the sample DUT like thickness, resistivity, dopant type, minority carrier density,
illuminated area fraction and optical constant were provided manually.

Optical losses result from front metal contacts shadowing and reflection from the front
surface and contacts. Such losses are minimized by adopting front and back surface micro-
texturing, IBC architecture, and anti-reflection coatings (ARC) of dielectrics like SiNx and SiC.

The refractive index of ARC is calculated to be the geometric mean of refractive indices of two
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adjacent material media. Electrical losses arise from the resistances of the electrical contacts and
busbars, where the contact dimensions and material have to be optimized for maximum collection
of carriers without introducing additional shadowing losses. Moreover, the metal-semiconductor
Schottky barrier and Fermi level pinning can be overcome by employing heavy doping regions or
carrier selective regions near the patterned contacts. Such strategies are usually used in IBC-HJ,

TOPCon, and TMO-based Si solar cells.

2.2. Interdigitated Back Contact Heterojunction (IBC-HJ) Si solar cells

The IBC-HJ architecture utilizes the advantages of IBC and silicon heterojunction (SHJ)
architectures. This concept was first developed at the Institute of Energy Conversion (IEC) at the
University of Delaware [21]. The fabrication steps involve a lower thermal budget of ~250 °C
compared to conventional diffused homojunction cells and contacts at ~800 °C, which causes
warping and cracking of thin Si wafers. Moreover, employing PECVD over the dopant-diffusion
method makes controlling the p- and n-doped regions more accessible. Consequently, the shunt
resistance between the emitter and the base increases favorably.

The IBC structure permits the larger active area of light absorption by moving the front
emitter and contacts to the rear side of the solar cell, thus eliminating the metal contact shadowing.
It also integrates rear-side texturization for enhanced light-trapping and simplified inter-metal
fingers and busbar connections. As a result, higher iVoc and Isc are achieved with less optical and
electrical losses.

The SHJ structure utilizes the low-temperature depositions of thin layers of hydrogenated
intrinsic amorphous silicon (a-Si:H(i)) on a crystalline silicon (c-Si) substrate. The structure

progresses with the deposition of highly doped (p™ and n*) a-Si:H layers and ITO/ metallic
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contacts. Due to its larger band gap (1.5-2.0 eV) and amorphous structure, the thin a-Si:H(i) layer
provides good passivation to the c-Si surface, which increases the Voc without significant parasitic

absorption [22][23][24][25].
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Fig. 2.5. Energy band diagram of SHJ on (n)c-Si (Reproduced from ref. [22], with the Copyright © 2013, IEEE JPV).
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The energy band diagram of SHJ on (n)c-Si is showed in Fig. 2.5. Due to high doping p
and n* a-Si:H regions and thin a-Si:H(i), strong band bending in c-Si induces strong inversion layer
at its surface which causes unequal energy band offsets (AEv > AEc). Hence, minority carriers are
attracted to the surface, but majority carriers are repelled. The fill factor gets moderately affected.
One such popular example using SHJ architecture is heterojunction with thin intrinsic layer (HIT)

Si solar cells.

2.3. Carrier Selective Passivated Contacts (CSPC) Si solar cells
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Fig. 2.6. Energy band diagram of SHJ on (n)c-Si (Reproduced from ref. [17] with the permission of Springer Link).

The carrier selective passivated contacts architecture employs asymmetric band offsets,

gradient of quasi-Fermi levels, different mobilities of e™-h* pairs, and tunneling for charge carrier

transport and separation without the actual need for an electrical field across p-n junctions [26]. It

also incorporates a thin dielectric passivation layer to inhibit surface defect states and Fermi level

pinning and simultaneously allow conductivity of all charge carriers [27][28]. The schematic

energy band offsets of different materials' potential for CSPC Si solar cells are shown in Fig. 2.6.

The CSPC Si solar cells can be broadly classified into two groups: dopant-dependent (like

TOPCon) and dopant-free (like TMO-based Si solar cells).

2.3.1. Dopant-dependent TOPCon Si solar cells
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The TOPCon or Polysilicon on oxides (POLO) structure implements an ultrathin interface
SiO2 layer (~1.5 nm) between highly doped poly-Si layers and c-Si substrates. The details of the
TOPCon structure and fabrication process have been discussed in Chapter 5. The schematic energy

band diagram of POLO contacts is shown in Fig. 2.7.
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Fig. 2.7. Schematic energy band diagram of (a) n* poly-Si/SiOx/c-Si and (b) p* poly-Si/SiOx/c-Si POLO contacts

(Reproduced from ref. [29], with the permission of MDPI Photonics).

The doped poly-Si layer allows selective conductivity of one type of carrier by inducing
strong energy band bending at the c-Si surface. Such structure has high-temperature stability and
undergoes traditional furnace annealing at 800-900 °C for poly-Si crystallization, high dopant
activation, and sheet resistance reductions. The dopant activation participates in charge carrier
generation and provides field-induced passivation [30]. The excellent quality of the ultrathin oxide
layer ensures stronger passivation and inhibits the Fermi level pinning at the direct poly-Si and c-
Si interface. Moreover, the charge transport mechanism through the ultrathin oxide layer is

hypothesized by two major theories: (1) quantum tunneling of charge carriers based on tunneling
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layer thickness and band offsets and (2) localized current flow through oxide pinholes and non-
uniform oxide thinning formed upon thermal annealing of the poly-Si/c-Si junctions [31].
Although the quantum tunneling hypothesis helps to understand the charge transport mechanism
in n* poly-Si/SiOx/c-Si in Fig. 2.7. (a), the pinholes hypothesis helps to understand the charge

transport mechanism in p* poly-Si/SiOx/c-Si in Fig. 2.7. (b).

2.3.2. Dopant-free Transition Metal Oxides (TMO) based Si solar cells

The TMO Si solar cell structure implements a dopant-free strategy where an ultrathin
dielectric like AIOx or SiOz layer (~1.5 nm) interface layer is employed for passivation and
quantum tunneling of charge carriers and wide band gap transition metal oxides of extreme work
functions (3.5 to 7 eV) for carrier-selective transport. These structures are low-temperature devices
with deposition and annealing temperatures limited to 350 °C. These layers have excellent
stability, transparency, and resistance to parasitic losses. The TMO layers are classified into two

major categories: (1) electron selective layer (ESL) and (2) hole selective layer.
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Fig. 2.8. Schematic energy band diagram of the charge separation and transport in a CSPC Si solar cell using ESL and

HSL (Reproduced from ref. [17], with the permission of Springer Link).
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The schematic energy band diagram of the charge separation and transport in a CSPC solar
cell using ESL and HSL is shown in Fig. 2.8. The ESL uses low work function materials like TiOx
which causes downward band bending at ESL/c-Si interface, low conduction band offset (AEc),
higher valence band offset (AEv) and large charge mobility, leading to efficient selective electron
collection despite low gradient of Fermi energy. On the other hand, the HSL uses high work
function materials like MoOx, which causes upward band bending at the ESL/c-Si interface, higher
conduction band offset (AEc), low valence band offset (AEv), and lesser charge mobility, leading
to efficient selective hole collection despite less gradient of Fermi energy. The oxide sub-
stoichiometry is essential to modify the atomic structures for maintaining carrier selectivity. Apart
from TMOs, organic materials such as PEDOT:PSS, TAPC, and alkaline metal salts like LiFx have

also been identified as potential candidates for ESL and HSL [32][33].

2.4. The methodology of laser processing
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Fig. 2.9. Schematic diagram of a laser processing experimental setup.

Laser processing involves the application of high-power lasers with the help of opto-
mechanical systems such as galvo scanners, translational X-Y stages, and modulation of laser light
propagation by optics alignments. Fig. 2.9. shows the schematic diagram of a typical laser
processing setup. The laser wavelength, pulse width, repetition rate, average and peak pulse power,
beam spot size and shape, and laser fluence are some basic parameters that can be chosen according
to the type of laser processing and the material. It is a versatile method of patterning, ablation,
removal, cutting, drilling, melting, vaporization, and annealing materials, allowing high flexibility
and spatial resolution. Fig. 2.10. shows the schematic diagram of the interaction of a focused laser

beam resulting in the laser-treated region on a thin-film coated c-Si substrate.

Scan direction

............. >
Focused laser
beam
Laser treated region
Thin Film

¢-Si Substrate

Fig. 2.10. Schematic diagram of the focused laser beam on the thin film-coated c-Si substrate.

Material properties like absorption coefficient, heat diffusion coefficient, thermal stress,

nature of surface topology, and chemical state determine the process flow of the laser-material
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experiments. Using beam shaper optics based on refraction, diffraction, and homogenization, the
laser beam can be shaped into Gaussian, flat top-hat, or other Hermite-Gaussian modes. Single-
mode laser beams can be easily collimated and focused to a tighter spot size than multi-mode laser
beams. A tighter beam spot size is used at the focused position for higher laser fluence, which
causes intense laser effects (like ablation and removal) and a widespread heat-affected zone
(HAZ). The defocusing strategy is generally used to control and moderate laser heat effects like
melting and annealing. The term' laser fluence', the ratio of laser energy (in Joules) to the spot size
area (in cm?), is used universally to quantify the amount of energy delivered per unit area of the
material. Tighter spot size at focus results in higher laser fluence. Typically, collimated laser beams
(~10 mm diameter) are modulated and fed to galvo scanner systems or optics setup and converged
to tightly focused laser beams (20-200 um diameter) with a 5-30 cm working distance.

The optomechanical systems of galvo scanners and translational stages help to draw
intricate patterns and shapes accurately. Galvo scanners are used for patterning stationary material
devices at a stage, whereas the translational stages are used for material devices under movement.
They control parameters like scan speed, percentage overlap (intra-line and interline) of laser spots,

and number of scans. Two basic equations are used in laser processing, which are as follows:
mm . . ..
Scan Speed (T) = (1 — Intraline overlap%) X Spot Size (um) X Repetition rate (Hz)

Scan lines spacing (um)

Interline Overlap% = (1 — ) x 100

Spot size (um)
Generally, continuous wave (CW) lasers are used for annealing purposes where the

localized phase change in the material properties becomes the goal of the laser processing.

Previously, Beyer et al. provided a few theoretical models and equations for simple laser annealing
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setup for single film on the substrate and using a CW laser with a Gaussian beam profile to
characterize the temperature in the laser spot [34]. Pulsed lasers with picosecond to microsecond
pulse width have been considered for localized ablation, material removal, interfacial debonding,

and many more applications with a controlled HAZ.
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CHAPTER 3: Literature Review

Presently, there are two popular c-Si solar cell architectures, namely Interdigitated Back
Contact Heterojunction (IBC-HJ) and Carrier Selective Passivated Contacts (CSPC), with a
growing domination in the commercial c-Si PV market [14][15][16]. Depending on the presence
of dopants, CSPC device architectures are divided into two sub-categories: Tunnel Oxide
Passivated Contacts (TOPCon) based on dopant and dopant-free transition metal oxides (TMO)
based devices. The working principles, including carrier selectivity and related materials, have
already been explained in Chapter 2 of the thesis. Additionally, laser-induced selective chemical
etching of Si wafers can be helpful in fabricating different Si-based devices, and it can be extended

to a wide variety of materials.

3.1. Investigation of laser processing in the fabrication of IBC-HJ Si solar cells

The improvement in solar power conversion efficiency and reduction in manufacturing
costs will enhance the competitiveness of silicon solar cells compared to other renewable energy
sources. Among the two primary approaches, carrier selective contacts and the interdigitated back
contact-heterojunction (IBC-HJ) architecture have yielded the highest efficiencies [35]. The IBC-
HJ design represents a rear-contact crystalline silicon (c-Si) solar cell structure featuring
strategically patterned, doped hydrogenated amorphous silicon (a-Si:H) layers, creating localized
heterojunctions on the rear side [36].

In the past, traditional methods such as conventional lithography and shadow masking were
employed to fabricate IBC-HJ solar cells. These methods led to increased overall manufacturing

costs and introduced technical complexities [37][38][39]. In recent times, both the scientific and
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industrial communities have shifted towards a more cost-effective approach, utilizing direct laser
patterning with ultrashort picosecond (ps), femtosecond (fs), and short-pulsed nanosecond (ns)
lasers for the fabrication of IBC c-Si solar cells. This transition has been driven by several
advantages, including mask-free and contactless patterning, precise micrometer-level control over
spatial and depth resolution, enhanced flexibility in pattern design, and improved production
throughput [40]-[44]. It is anticipated that incorporating specific laser processing steps from this
approach will significantly streamline the manufacturing process of IBC-HJ solar cells [45][46].
Nevertheless, recent reports suggest that the use of ultrashort femtosecond (fs) laser processing
lead to more damage and result in decreased Voc, fill factor, and efficiency when compared to
nanosecond (ns) laser processing [47][48]. Furthermore, producing heterojunction (HJ) structures
necessitates utilizing low-temperature processing and annealing [37].

Lately, numerous studies have examined the varying impacts of laser ablation parameters,
including pulse duration and wavelength. However, these investigations have not delved into a
comprehensive understanding of the thermal effects induced by lasers on each layer within the
IBC architecture. Although previous reports show the electrical characterizations conducted on ns-
pulsed laser processed of IBC-HJ solar cells, there is a lack of a holistic perspective on the
morphological, structural, and chemical compositional aspects underlying the consequences of ns
laser processing on passivation or the alterations in the IBC-HJ layers [42], [48]-[50]. Qi et al.
explored the influence of ns pulse lasers on amorphous silicon without referencing the impact on
the passivation layer [51].

While carrying out laser processing on an IBC-HJ solar cell, there is a risk of causing
undesired damage and crystallization of the a-Si layer, which can substantially reduce the carrier

lifetime and power conversion efficiency. Laser-induced damage results in increased
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recombination losses over a considerably broader area than the actual size of the laser spot. This
phenomenon occurs due to lateral carrier transport within IBC-HJ solar cells [52]. Consequently,
it leads to a substantial decrease in the iVoc and the MCL. This research also applies to mc-Si
PERC solar cell fabrication, where high-power ps/ns pulsed lasers are used to make openings in a

dielectric layer [53][54].

3.2. Investigation of the role of RTA in the fabrication of p-TOPCon Si solar cells

The Tunnel Oxide Passivated Contacts (TOPCon) Si solar cell is one of the most
competitive c-Si solar cell architectures. It is known for its simple architecture, easy fabrication,
high thermal stability, and resilience to post-metallization annealing. The TOPCon structure
typically involves a layered structure comprising heavily doped (either B-doped or P-doped)
polycrystalline silicon (poly-Si) layers and ultra-thin SiO> oxide layers on the doped c-Si substrate.
Although the term "TOPCon" was originally coined with the assumption of tunneling current as
the primary charge transport mechanism in these selective contacts, several publications have also
demonstrated that the dominant current transport occurs through the pinholes that form during the
annealing process [55][56]. Recent breakthroughs in research laboratories have achieved
remarkable efficiencies for both p-TOPCon (based on p-type Si wafers) and n-TOPCon (based on
n-type Si wafers) solar cells, with records of 26.1% and 25.8%, respectively [40][57][58].

Numerous factors and constraints in the fabrication process impact a solar cell's intrinsic
open-circuit voltage (iVoc) and efficiency. One of the essential steps in the fabrication of TOPCon
solar cells is thermal annealing, which is necessary for dopant activation, crystallization, lower c-
Si/SiOy interfacial defects, and lower sheet resistance. Generally, annealing is performed at high

temperatures (800 °C to 900 °C) using traditional tube furnace anneal and conveyor belt-furnace
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anneal under an inert atmosphere like N2 [59]-[62]. Thermal processing with heating durations of
tens of minutes is widely used in photovoltaic device fabrication and even in some industrial
processes for POCIz diffusion. Previously, the traditional tube-furnace annealing was used for
thermal annealing of n- and p-TOPCon at high temperatures under inert atmospheres, such as N2
[59], [63]-[68]. The disadvantages of furnace annealing are an enormous thermal budget, longer
annealing time, less flexibility, and lower throughput.

Due to its several advantages like choices of annealing atmosphere, better control of the
annealing durations (from a few seconds to several minutes), and flexible ramping rates of heating
and cooling, rapid thermal annealing (RTA) has emerged as an alternative cost-effective, high-
yield processing tool for dopant activation and crystallization for n- and p-TOPCon device
fabrication [69][70]-[72]. Borden et al. reported a RTA firing process of 30 s for their poly-Si
contacts and metallization [73]. Yang et al. reported using RTA over the furnace to achieve 23.04%
efficient Al>Os-capped P-doped n-TOPCon c-Si solar cells with iVoc as high as 727 mV [71].
Similar studies are needed to fabricate highly efficient p-TOPCon c-Si solar cells comparable to
n-TOPCon c-Si solar cells. Moreover, the RTA has been used to perform forming gas annealing
(FGA) for external hydrogenation [74]. Since RTA shows such promising results, it is crucial to
understand the technical hurdles at the thin-film interface level and the physics behind the thermal
cycle dynamics of RTA processing to achieve optimized results equivalent to the traditional
furnace annealing for p-TOPCon c-Si solar cells. It will also help understand and optimize fast
laser processing for p-TOPCon c-Si fabrication since laser processing involves fast heating and
cooling rates [75].

A pinhole formation mechanism has been proposed for the improvement of TOPCon

device performance under furnace annealing. As the annealing temperature increases during
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heating, poly-Si, ultrathin SiOx, and c-Si substrates expand. Due to the higher thermal expansion
coefficients, c-Si and poly-Si expand more than ultrathin SiOx, which produces compressive stress
in the substrate and tensile stress in the ultrathin SiOx. This tensile stress causes concave distortion
and fracture in the SiOy, forming pinholes to relieve the accumulated tensions. On the contrary,
cooling induces more inward shrinkage of both c-Si and poly-Si compared to ultrathin SiOy,
causing tensile stress in the substrate and compressive stress in the SiOy, eventually increasing
pinholes. The highly B-doped poly-Si layer on top of the ultrathin SiOy layer provides additional
field-effect passivation, provided the thickness of SiOx is < 1.6 nm for tunneling to occur. At
annealing temperatures < 850 °C, the charge carrier transport occurs through the quantum
tunneling effect as pinhole formation is minimal. At temperatures beyond 850 °C, more pinholes
form, and charge conduction through pinholes dominates the tunneling mechanism. The pinholes
created in the SiOx layer act as a gateway for the B-dopant to diffuse into the bulk Si. This diffused
layer further enhances the electrical field to maximize the field-effect passivation. On the other
hand, excess dopant diffusion into the bulk Si causes more considerable Auger recombination,
which cannot be compensated by the enhanced field-effect passivation and leads to passivation
degradation [76][30]

Yang et al. recently reported the heating and cooling effects of furnace annealing on
TOPCon structures using the pinhole creation mechanism [77]. Hollemann et al. showed that
significant temperature gradients increase mechanical stresses and the density of defect states at
the SiOy/c-Si interface during tube furnace annealing of P-doped poly-Si-based n-TOPCon devices
[78][79]. Earlier reports also stated that cooling times influence the severity of thermal stress more
than heating times [80]. Although this pinhole mechanism finding provides a good understanding

of tube-furnace annealing effects, an understanding of RTA effects is still lacking as the overall
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heating, holding, and cooling methodologies differ. Moreover, similar findings on the effects of
slower RTA cooling rates on the minority carrier lifetime and defect densities were demonstrated
in the fabrication of n*-p-p* Si and p-type mc-Si devices. Still, optimization of heating rates and
holding times remained unexplored [81]-[83]. It has also been suggested that the high radial-
temperature nonuniformity in Si substrates causes stresses beyond its yield point due to the one-
sided heating in the RTA system [84]. Earlier, Yang et al. had described the optimization of more
prolonged RTA holding and cooling times of n-TOPCon devices, and Shou et al. had used similar
optimization for annealing their TOPCon devices [71][85]. However, their findings were limited
to PECVD P-doped n-TOPCon devices with a total RTA processing duration of ~27 min (similar
to traditional tube furnace annealing durations), and the effects of heating times were not
discussed. So, there is a need to understand the effects of RTA heating and cooling rates and
holding time on the surface passivation quality, dopant activation, crystallization, and defect states
in B-doped poly-Si-based p-TOPCon devices.

Additionally, the blister formation has been considered an important bottleneck in the
fabrication of TOPCon architectures. Under intense dehydrogenation pressure, the physical
rupturing of ultrathin SiOx and poly-Si layers occurs during the tube-furnace annealing. This
results in the degradation of the passivation quality [59]. Ingenito et al. addressed the blister
formation issue during RTA processing [86]. Yang et al. reported blister formations during the
RTA of n-TOPCon solar cells [71]. Although earlier studies have been on suppressing blisters,
there is a lack of a comprehensive study on blister formation under the RTA and the role of
different atmospheres, such as air versus nitrogen, for p-TOPCon structures [86][87].

In the RTA chamber, the poly-Si layer in the TOPCon device faces direct exposure to the

intense lamp light and heat for the whole period of rapid annealing. In such circumstances, the
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effect of intense light intensity under heat during RTA needs to be investigated. Different dielectric
capping layers of SiNx:H and Al>Os and thermal annealing steps are excellent hydrogenation
sources for passivating TOPCon structures using tube furnaces [88]-[92]. Moreover, dielectric
layers protect TOPCon structures from spiking and damage during screen-printing metallization

[93]. Therefore, it is also necessary to investigate the utility of using the dielectric SiNx:H layer.

3.3. Fabrication of dopant-free TMO-based bifacial CSPC Si solar cells

Recent developments show that dopant-free TMO-based devices have gained attention
lately in the global PV community. Such TMO devices can be classified as (i) electron-selective,
(i1) hole-selective, or (iii) dopant-free asymmetric hetero-contacts (DASH), which is a combination
of both electron- and hole-selective layers [94]. Yang et al. demonstrated 20.5% and 21.6%
efficient Si solar cells based on TiO, as an electron-selective layer [95][96]. Dreon et al. and
Geissbuhler et al. reported 23.5% and 22.5% efficient HJ Si solar cells based on MoOx as hole-
selective layers, respectively [35][97]. Bullock et al. reported 20.7% efficient DASH Si solar cells
using TiOx and MoOx as carrier-selective layers [98]. Hence, detailed investigations for low-cost,
high-efficiency dopant-free TMO-based CSPC Si solar cells are required to continue further
improvements.

The high negative charge density and higher hydrogen content make Al.Os a good
candidate as a passivation and hole-selective layer [99][100]. However, using Al.Oz in CSPC
architectures comes with a trade-off between the passivation quality and tunneling ability [101].
Its thickness needs to be optimized to < 2 nm for the tunneling of charge carriers. Although there
had been other earlier reports of using Al2O3 despite the trade-off of passivation and tunneling

layer with TiOx and MoOy, a better understanding of the relation between the passivation quality
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and tunneling phenomena in the context of CSPC devices is required to optimize the thickness of
all these functional layers [102][103][104][105].

The electron-selective layer TiOx is partially responsible for improving the passivation
quality at the Si surfaces and interfaces. A thicker passivation Al>Oz layer makes the effect of TiOx
on the surface passivation at the c-Si interface weaker [106]. Moreover, it has been claimed that
negative charges are formed in Al,Os/ TiOx interfaces, which also influence the passivation
quality. Titova et al. reported Voc of 652 mV in TiOy /SiO2-based devices, but there was a lack of
understanding of the effects of tunneling SiO: layer thickness on the passivation and carrier
selectivity [107]. One of the best results was reported by Yang et al., who showed a high Voc of
676 mV in a TiOx /SiO2-based device [96]. Since all these developments have been based on the
SiO» passivation/tunneling layer, there is a need for scientific inquiry in CSPC devices based on
the Al2O3 layer.

The holes-selective layer MoOx has also been shown to partially improve the passivation
quality at the Si surfaces and interfaces. It has been demonstrated that the stack SiOyx/ Al;O3
passivates the oxygen vacancy defects within the bandgap of the MoOx [108]. Gerling et al.
showed that direct passivation using MoOx on c-Si substrate led to the iVoc of 637 mV [109].
Thus, there is a need to investigate the effects of introducing Al>Os for better passivation and
tunneling capability. Chowdhury et al. reported an iVoc of 726 mV in an Al,O3/ MoOy contact-
based CSPC device [104]. However, the carrier selectivity was overlooked since the thicknesses
of Al,O3 layers were above 3 nm, which is not in the tunneling regime. Hence, there is a need to
investigate the dynamics of Al2O3/MoOx to achieve optimizations in thickness and annealing for

better passivation and carrier selectivity.
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Moreover, there is a lack of work on fabricating CSPC device structures employing TiOx
and MoOxy together on the Al>O3 layer in a single device structure. Mehmood et al. showed a
simulation model using TiOx and MoOx on intrinsic a-Si:H layers and predicted Voc > 700 mV
[110]. Although Dauvis et al. had earlier shown the optimization works on Al,O3/ TiOx and Al.O3/
MoOx-based CSPC devices separately, no independent study was followed up for a complete
CSPC device structure, combining both TiOx as electron selective and MoOx as hole-selective
layers on Al,Oz passivation layer [102][103].

Lastly, these CSPC devices mentioned earlier have used furnace/ thermal annealing in their
fabrication steps in N2 or forming gas. As a result, the thermal budget and the total annealing time
will increase the manufacturing cost and complexity of CSPC devices, defeating the purpose of
fabricating low-cost, high-efficiency CSPC Si solar cells. Fortunately, laser processing may prove
to be the game changer and overcome these limitations. The usefulness of laser processing has
been discussed in Chapter 2 of the thesis. So, a scientific investigation is needed to study and
optimize the laser processing method to replace furnace annealing steps in fabricating CSPC Si

solar cell devices.

3.4. Investigation of laser heat-induced chemical etching (LHICE) of Si in KOH

In 2017, crystalline silicon PV modules held a dominant market share of approximately
90% in the global PV solar cell industry [1]. Recent works have reported that the laser ablation
patterning method has been used to achieve recent breakthroughs in the fabrication of POLO-IBC
solar cells with reported efficiency of 26.1% and IBC-HJ crystalline silicon (c-Si) solar cells with
26.3% efficiency [40][111]. However, a key challenge associated with laser processing for Si solar

cell manufacturing is the emergence of laser-induced defects and thermal stress within the silicon
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lattice, ultimately reducing the effective MCL and, consequently, the conversion efficiency. As a
result, the widespread commercialization of high-efficiency Si solar cells hinges on the
development of a cost-effective laser-patterning technique that minimizes laser-induced damage.
In the semiconductor industry, a commonly employed method for isotropic etching of c-Si
involves using a mixture of HF (49%) and HNO3 (69%) in a 1:19 volume ratio [112]. Additionally,
to create an anisotropic-etched micro-texture surface on c-Si, potassium hydroxide (KOH) and
tetramethylammonium hydroxide (TMAH) are widely utilized [113]-[117].

Recent findings indicate that the utilization of ultrafast lasers with femtosecond (fs),
picosecond (ps), and nanosecond (ns) pulse durations, in conjunction with anisotropic chemical
etching employing KOH and TMAH solutions, SFs or HCI gases, or stain etchants such as HF—
HNO3z, NHsHF—H20, NHsHF2—-NaMnOs, has enabled the creation of diverse micro- and nano-
scale structures and textures in c-Si through laser ablation processes [118]-[123] These structures
encompass pores, pillars, porosified pillars, macro-pores, pin-holes, and polygonal pits. They have
found application in various domains, including the production of photoluminescent porous Si
(Poro-Si), enhancement of hydrophobicity and light-trapping mechanisms in c-Si solar cells and
self-cleaning c-Si microelectronic devices, control of reflectance, absorbance, and emissivity in
Si-based optical devices. Poro-Si has also been employed in diverse applications, such as Li-ion
battery anodes and other devices sensitive to carrier traps and defect density, such as
photodetectors, thin-film transistors, and LEDs [124]-[127]. Importantly, these micro- and nano-
structures have broader implications beyond c-Si-based solar cells and microelectronics, extending
to materials-based devices for novel purposes like achieving super-hydrophobic surfaces,
manipulating wettability [128][129], producing unique reflected colors [130], affecting

tribological behaviors [131], and preventing bacterial biofouling [132]. Notably, when the energy
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delivered by the laser to c-Si exceeds the phase explosion threshold (>0.9 Tc, where T, = 7925 K
represents the thermodynamic critical temperature of silicon), it triggers an explosion-like release
of ionized surface material due to explosive stress, resulting in the formation of micropores on the
silicon surface, as described by Ji et al. [120]. However, these processes introduce significant
defects to both the surface and bulk of c-Si wafers or substrates due to extensive laser ablation and
high-temperature chemical etching. In fact, the direct interactions between the laser and crystalline
silicon appear to have a more pronounced effect than the interactions involving laser-assisted
chemical etching. Insufficient characterization of laser-induced damage and inadequate
investigation into the preservation of MCL have been noted in previous studies. Furthermore, the
role of microsecond (us) pulse width lasers in low-temperature laser-assisted KOH etching of c-
Si and their impact on MCL alteration remain poorly understood. While some studies have
reported laser-assisted photochemical wet etching methods where exposure to specific laser
wavelengths with optimized intensities selectively enhances the photochemical etch rate at
localized regions, this approach is limited to semiconductor materials like c-Si and GaAs, as it
relies on the generation of electron-hole pairs and necessitates the use of toxic etchants like HF
[133][134].

In the realm of semiconductor processing, it is a well-established fact that the etching rate
of KOH increases significantly as the temperature rises, following an exponential pattern described
by the Arrhenius equation. The most favorable temperature range for this process typically falls
between 80-100 °C. To illustrate, when employing a 30 wt% concentrated KOH solution, the
etching rate of c-Si (100) at 20 °C is approximately 1.44 um/hour (equivalent to 24 nm/min).
However, at 80 °C, the etch rate escalates to around 79 pum/hour (equivalent to 1316 nm/min)

[115]. The mechanism behind silicon etching with KOH involves a two-step sequential oxidation
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and etching reaction. During the initial, rate-determining oxidation step, H-terminated Si atoms on
the surface undergo oxidation, transforming into OH-terminated Si atoms due to the presence of
OH- ions from the KOH aqueous solution. In the presence of HO, this process induces
polarization and weakens the chemical bonds between silicon and oxygen. Consequently, Si atoms
are removed in the form of Si(OH)4 complexes. The rate of this oxidation process can be enhanced
within the optimal temperature range of 80-100 °C. Furthermore, KOH is a highly advantageous
silicon etchant due to its non-toxic nature, cost-effectiveness, widespread use, straightforward
etching setup requirements, ability to achieve high silicon etch rates, significant anisotropy,
moderate Si/SiO> etch rate ratio, and the generation of minimal surface roughness during the
etching process.

Traditionally, the primary objective when creating surface textures and pyramidal shapes
on c-Si surfaces has been to enhance light trapping, a process commonly achieved using alkaline
etchants like KOH, NaOH, and TMAH to reduce surface reflectivity to as low as 6% [135].
Importantly, the KOH etching and texturizing of c-Si do not inflict significant damage on the
surface quality. Additionally, the surface passivation of the etched or textured c-Si can be further
improved by depositing stack layers of SiO2/Al.03 and SiNx/Al203 [136]-[138]. In the context of
fabricating interdigitated back-contact (IBC) solar cells, surface passivation can also be
accomplished by depositing a plasma-enhanced chemical vapor deposition (PECVD) stack
consisting of a-Si/SiO2/SiNx (aSON) layers onto the textured c-Si, leading to the attainment of
effective surface recombination velocities (SRVs) below 1 cm/s [139].

Notably, Zielke et al. reported measuring a very low saturation current density of
(174 £ 11) fA/cm? on PERC cells after KOH pyramidal texturization, followed by the deposition

of atomic-layer-deposited AlOX, indicating improved contact passivation [140]. Werner et al.'s
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study demonstrates the achievement of a low SRV below 2.9 cm/s with a 10 nm thick Al.O3 layer,
deposited through a spatial atomic layer deposition (ALD) process, on KOH-etched n-type (Cz)
silicon [141]. Therefore, it is crucial to maintain an optimal temperature range (80°C to 100°C) to
facilitate KOH etching and texturization effectively. Laser-induced KOH etching can facilitate the
etching process on the c-Si surface at a higher control and selectivity. Fast laser processing
expedites temperature rise within a small spatial resolution, which allows pattern control at a
higher throughput.

Furthermore, a similar approach of laser-assisted temperature-selective micro-etching and
texturization can be applied to various materials. For instance, controlled etching of steel in a
mixture of FeCls and aqueous solution containing FeCls/HCI/HNO3 can be used to achieve super-
hydrophobicity, manipulate wettability, and produce surface-reflected colors [129], [130], [142],
[143]. This technique can also be employed on Ni—Co alloys on steel in a 30% v/v HCl/ethyl
alcohol etchant to improve tribological properties [131][144], among other applications.
Moreover, this methodology has the potential to surpass the extensive electrochemical etching

process in Poro-Si texturization, which often leads to a reduction in carrier lifetime [145].
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CHAPTER 4: Laser processing of Interdigitated Back Contact

Heterojunction (IBC-HJ) Si Solar cells

In this chapter, we describe the results of a thorough investigation and characterization of
the impact of ns laser processing parameters on the various layers of an IBC-HJ architecture. The
n- and p-layers for the IBC-HJ structure were selectively patterned with minimal laser-induced
damage. The laser ablation of the top sacrificial a-Si:H (p and i) layers on top of SiNx and a-Si:H
(n) layers was carried out, exposing the SiNy layer underneath. The exposed SiNy layer was later
chemically etched away, exposing the a-Si:H (n) layer. This allowed the deposition of metal
contacts on the a-Si:H (n) layer. Different analytical techniques such as micro-photoluminescence
(u-PL), quasi-steady-state photoconductance MCL (QSSPC MCL), optical imaging and
ellipsometry, Essential Macleod optical simulations, surface and cross-section morphology by
scanning electron microscopy (SEM) and focused ion beam (FIB) SEM, surface elemental and
chemical characterizations using energy-dispersive X-ray spectroscopy (EDS), Raman
spectroscopy, and high-resolution X-ray photoelectron spectroscopy (HR-XPS) have been used
for this study. The simulated color chart based on optical interference was generated to be a
reliable, independent scientific tool to identify the variation in thickness of individual layers
because of laser processing in an IBC-HJ architecture. The efficacy of the approach of indirect
laser patterning using UV-laser lithography, photoresists, and selective chemical etching was

investigated.
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4.1. Experimental

A. Fabrication of IBC-HJ Si Solar cells

a-Si:H (i) 10 nm
| ARC
' |

N type c-Si substrate = N type c-Si substrate = N type c-Si substrate

135 pm 135 pm 135 pm
a-Si:H (i)
8-12 nm

T

a-Si:H (n) 50 nm

- - =
a-Si:H (p) 100 nm ‘lsni’
20nm  Laser 500 pm
Before laser ablation After laser ablation After chemical etching of SiNx
(a) (b) ()

Fig. 4.1. Schematic diagram of laser processing steps comprising of (a) starting IBC-HJ test device structure before
direct laser ablation, (b) after laser ablation of top sacrificial a-Si:H layers, and (c) after chemical etching of underlying

SiNy layer.

Fig. 4.1. illustrates the diagram of the laser processing steps performed on the rear side of
the test structures, which were used in our study to simulate the effects on an IBC-HJ device. In
Fig. 4.1. (a), a cross-sectional schematic of the IBC-HJ test structure used in our study is depicted.
The upper layers of a-Si:H (p and i) are laser-ablated, exposing the SiNx layer beneath them.
Subsequently, the SiNx layer is chemically etched to reveal the a-Si:H (n) layer underneath,
facilitating the deposition of metal contacts onto the a-Si:H (n) layer through a mask. The
development of such a structure with minimal laser damage is crucial for achieving high-efficiency
laser-processed IBC-HJ cells [52][46]. These structures were manufactured on 135 um n-type Cz
Si wafers with a <100> orientation and a resistivity ranging from 1 to 8 Q-cm. Before texturization,

the wafers underwent cleaning using a standard procedure described in our previous work [146].
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The pyramidal textures on the front side of the wafer were created using anisotropic silicon etchant
tetra-methyl-ammonium-hydroxide (TMAH). To prevent texturization on the rear side intended
for laser processing, a silicon nitride encapsulation layer was applied. The wafers featured a
passivating intrinsic amorphous silicon (a-Si:H) layer with a thickness of 10 nm on the front side
and varying thicknesses of 8-12 nm on the rear side, achieved using DC-plasma-enhanced
chemical vapor deposition (DC-PECVD), as detailed elsewhere [147]. Table 4.1. provides
information on the different a-Si:H (i) thicknesses used in all the samples. To minimize reflection
losses at the front surface, SiNx (80 nm)/SiC (20 nm) layers were deposited as the antireflection
coating. On the semi-polished rear side, 50 nm of n-doped a-Si:H (n layer) and 100 nm of SiNx
layers were deposited in a finger pattern using a Si shadow mask. A thin layer of deposition was
observed beneath the shadow mask due to plasma leakage during the PECVD process. This
unintentional deposition of a-Si:H (n) layer caused by plasma leakage was selectively removed
using 25% TMAH or 45% KOH (see Table 4.1) and followed by the final deposition step of the
blanket layer stack consisting of a-Si:H (i) (10 nm)/a-Si:H (p) (20 nm).

In the case of the indirect approach of laser patterning of IBC-HJ devices, 1.4 um thick
positive photoresist (PR) AZ5214 was spin-coated on the devices at 4000 rpm. The goal of this
experiment was the patterning of the PR layer by UV laser-exposure, which would be succeeded
by resist development using AZ 400K solution, selective chemical etching of top sacrificial a-Si:H
and SiNx:H layers, and finally, removal of the remaining PR by AZ 100 remover. The a-Si:H and
SiNx:H layers were selectively etched by (1:100 v/v) HNA etch for 10 sec and 2% HF for 5 sec,

respectively.

Table 4.1. Data for iVoc and MCL after laser processing
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. iVoc MCL |iVoc
Thl_cfkne_ss of Type of Laser MCL (mV) (1s) (mV)
Sample | a-Si:H (i) layer Fluence before

: etchant " before | after | after

deposited (J/lecm?) laser
laser laser laser
01 8 nm KOH 0.254 332 660 302 657
02 8 nm TMAH 0.254 807 682 786 682
03 10 nm TMAH 0.254 1141 702 1131 701
04 10 nm KOH 0.61 997 699 473 680
05 10 nm TMAH 0.254 1563 707 1255 705
06 12 nm TMAH 0.254 2190 720 1955 719

B. Laser parameter optimization

The laser setup consisted of a ytterbium fiber laser (YLP-G-10, IPG Photonics) aligned
with the galvanometer scan head (SCANcube 14, SCANLAB), and scan patterns were designed
in EZCad (Beijing JCZ Technology Co. Ltd). The specifications were 532 nm wavelength, pulse
duration of 1.3 ns, average power of 10 W, 30 kHz repetition rate, and a Gaussian beam profile.
The test samples were processed at the full-width half-maximum (FWHM) spot size of 20 um at
the focal plane, and the fluences were varied from 0.427 to 1.27 J/cm?. The laser fluences were
calculated by directly measuring its energy at different laser powers using Thorlabs energy/power
meter and the laser spot size at FWHM. For each laser fluence, the scan pattern consisted of 13 mm

of ~150 um width laser ablation regions, comprising 0% overlap between laser spots.
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Fig. 4.2. Schematic diagram of the rear side of the laser patterned samples (top view).

The schematic diagram of the top view of a laser-patterned sample is shown in Fig. 4.2.
The n-busbar connects all the n-stack layer fingers, and the rest of the isolated region acts as the
p-stack layer fingers and p-busbar.

In the case of the indirect approach of laser patterning of photoresist-coated IBC-HJ
devices, the UV 355 nm laser parameters were optimized to 50 kHz repetition rate, 80% overlap
pulse-to-pulse, and ~150 um line widths at the focus. The processing fluence window was

optimized to 0.12-0.14 J/cm? for exposure.

C. Characterization Techniques:

The p-PL configuration employed a 532 nm continuous wave (CW) laser, Melles Griot, as

an excitation source, featuring an approximate spot size of 80 um. This excitation laser's output
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power was finely tuned to 70 mW using neutral density (ND) filters and quartz glass reflection to
ensure precise p-PL measurements while not impacting the sample device. The spectrometer, a
Horiba Jobin Yvon iHR320, operated by SynerJY v3.5 software, along with an InGaAs detector
and an SR830 DSP lock-in amplifier (Stanford Research Systems), were integral components of
the setup.

Both MCL and iVoc measurements were conducted through a WCT-120 Silicon Wafer
Lifetime Tester from Sinton Instruments. The input of sample thickness was manually set as
0.028 cm with 3.5 Q-cm resistivity, n-type dopant, 0.7 optical constant and generalized analysis
mode. The surface morphology and elemental analysis using SEM/EDS were performed on an FEI
Quanta 650 Field Emission SEM. Additionally, cross-sectional morphology characterization was
accomplished using the Thermo Fisher Scientific Inc. Helios UC G4 Dual Beam FIB-SEM.

A Renishaw InVia Confocal Raman Microscope equipped with a 405 nm wavelength laser
and a spot size of 1.8 um was employed for Raman spectroscopy. The Raman scattering data were
derived from an average of 15 scans, each spanning 25 sec of acquisition time, taken at specific
locations on each laser-ablated spot. The high-resolution (HR) XPS, aimed at quantitative surface
chemical and elemental composition analysis, was conducted using the PHI Versaprobe IlI
Scanning X-ray Photoelectron Spectrometer, featuring an approximate spot size of 50 um. To
determine the optical constants of the device layers, a J. A. Woollam Company M-2000
Ellipsometer was employed, utilizing a focused light beam with a spot size of approximately
130 um at a 70° incidence angle.

Before any optical images were captured, the optical microscope was calibrated in its

bright-field mode following standard white balancing and color default procedures by using white
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calibration disc, shown in Fig. 4.3. The white balancing was done to nullify the effects of optical

artefacts introduced by the microscope itself. The light intensity was always kept constant.

Fig. 4.3. The white calibration disc used for white-balancing the optical microscope before any optical experiments

conducted.

Based on the extracted experimental ellipsometry optical constant data for c-Si, a-Si:H and
SiNx:H, the simulation and forecasting of the reflected light's color chart were executed using Thin
Film Center Inc.'s Essential Macleod software. Modeling of the stack layers of c-Si/a-Si:H
(~60 nm)/ SiNx:H (=100 nm)/ a-Si:H (~30 nm) was accomplished similar to the actual n-stack
dimensions in Fig. 4.1. The thickness of each layer of the stack model were modified to represent
the removal of each of the stack layers. The simulation additionally furnished a color chart
spanning an incidence angle ranging from 0° to 70° for each layer. The choice of the illuminant
source was D65, representing average daylight while adhering to the observer response defined in

the CIE 1931 standard [148]. D65, as specified by the International Commission on Illumination
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(CIE), serves as a standard white light illuminant characterized by a correlated color temperature
(CCT) of 6504 K. The color-mapping function CIE 1931, known as the standard colorimetric
observer, captures the typical chromatic response of an average human within a 2° arc within the
fovea. These simulated colors were compared to the calibrated white-balanced optical images.
Later, the reflectance spectrum of the complete n-stack layers was simulated, which was later

compared to the experimental reflectance data from spectrophotometry.

4.2. Results and discussion

In the IBC-HJ architecture, a-Si:H (i) serves as a passivation layer for the device, providing
protection and enhancement. However, any laser-induced damages, such as the generation of
defects and crystallization during ns pulsed laser patterning, can potentially decrease the Minority
Carrier Lifetime (MCL) and the implied open-circuit voltage (iVoc). Various characterization
techniques, including carrier lifetime measurement, optical imaging, surface morphology
assessment, and chemical composition analysis, offer both qualitative and quantitative insights
into the impact of laser processing on the different layers within the IBC-HJ test structure.

Following the laser processing step, the uppermost layer of a-Si:H is removed, exposing
the underlying SiNx. This SiNx layer is selectively chemically etched using a 10% HF solution for
a duration of 6 minutes. A dry resist layer is applied to safeguard the front Anti-Reflective Coating
(ARC) during HF etching, which is subsequently eliminated using 1-methyl-2-pyrrolidone (NMP).

With the underlying a-Si:H (n) layer now accessible for contact purposes, an interdigitated
pattern of p and n metals is formed using a shadow masking technique and e-beam evaporation of
aluminum (Al) with a thickness of 1 um. This final step completes the process of transforming the

test structure into a fully realized IBC-HJ solar cell.
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A. Passivation quality characterization

It is well known that impurities, dangling bonds, atomic vacancies, and imperfections on
the non-passivated silicon surface create intermediary trap levels for electron-hole pairs (e"-h").
Similar defects emerge during laser processing, impacting the overall performance of IBC-HJ solar
cells. The effectiveness of passivation can be assessed through measurements of quasi-steady-state
photoconductance (QSSPC) carrier lifetime and the use of the p-PL technique. These techniques

serve as dependable means to quantify the extent of passivation quality.
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Fig. 4.4. u-PL data for different laser fluence ablations. Each of the measurements was an average of over 20 scans.

For passivated c-Si substrates with texturing on both sides, photoluminescence (PL) is

emitted around the wavelength range of 1150-1170 nm [149]. Fig. 4.4. illustrates the u-PL data at
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various laser fluences. The PL signal attenuated as the laser fluence was elevated from the
unablated state to a condition of 1.27 J/cm2. All the actual IBC-HJ solar cell test samples, except
for sample #04, were processed at the laser fluence of 0.254 J/cm2. In Table I, it can be observed
that there was a slightly marginal reduction in both implied open-circuit voltage (iVoc) (~3 mV)
and Minority Carrier Lifetime (MCL). These measurements were taken at a minority carrier
density (MCD) of 1 x 10® cm™. Sample #04 underwent laser processing at a higher fluence,
0.61 J/cm?, resulting in a notable decrease of 19 mV in iVoc and a reduction of approximately

500 ps in MCL.
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Fig. 4.5. Peak p-PL intensity and AiVoc versus laser fluence.

While QSSPC characterization is commonly employed for accurate lifetime and iVoc
assessments in IBC devices, a recent report has suggested potential artifacts influencing lifetime

results at MCD exceeding 1 x 10'® cm™ due to lateral inhomogeneity in the IBC structures [150].
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The p-PL technique was effectively conducted to identify the optimal laser processing condition
for IBC-HJ solar cell production. Fig. 4.5. demonstrates a relationship between p-PL intensity and
the change AiVoc with each incremental rise in laser fluence. As the fluence increased, both the

peak p-PL intensity and iVoc experienced a decline.

B. Optical characterization

The optical characterizations, including optical imaging, ellipsometry, and
spectrophotometry, offer valuable perspectives into absorption depth, reflectance, and
transmittance alterations for each layer at specific wavelengths. Consequently, they enhance our
comprehension of surface modifications following laser processing. A noteworthy facet of these
analyses is the utilization of a color identification chart, which serves as a reliable, independent

method for gauging adjustments in layer thickness and optical properties during laser processing.

1

@

Fig. 4.6. Optical images of different laser processed regions at different laser fluences (a) 0.254 J/cm?, (b) 0.427 J/icm?,
(c) 0.439 J/cm?, (d) 0.595 J/cm?, () 0.783 J/cm?, (f) 1.01 J/cm? and (g) 1.27 J/cm?. All the pictures were taken with a

scale of 30 pm.
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The various surface modifications and shifts in color resulting from distinct laser fluence
processing settings are shown in Fig. 4.6. Notably, the SiNx layer exhibited more pronounced
concentric fringe formation as the laser fluence increased from 0.254 to 1.27 J/cm2. Moreover, the

extent of laser-induced damage at the focal point of the laser-ablated spots became more

conspicuous with higher fluence levels.
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Fig. 4.7. Optical constants n, k vs. wavelength (nm) curve of the IBC-HJ test structure.

The quantitative foundation for designing and interpreting characteristics in multilayer
stacks and tandem-structure devices is based on the intrinsic material optical constants. The optical
constants, refractive index (n), and extinction coefficient (k) are instrumental in simulating the
reflections from various stack layers, aiding in determining approximate thicknesses for laser-
ablated and etched layers. The optical constants were precisely determined using an optical
ellipsometer, accounting for a roughness of 5 nm and employing a 70° incidence angle. The results
are depicted in Fig. 4.7. The acquired n and k values were then integrated into Essential Macleod

software, facilitating simulations of normalized reflectance and color representation. Through this
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simulation, the overall thickness of the uppermost a-Si:H layers was calculated to be

approximately 26 nm, notably close to the anticipated 30 nm thickness for a-Si:H layers deposited

via PECVD. The optical reflectance measurements were carried out using an optical

spectrophotometer. Although both the experimental and simulated normalized reflectance curves

closely align, as evidenced in Fig. 4.8., differences in the magnitudes of normalized reflectance

stem from the semi-polished textured surface. Notably, the simulations were conducted with the

assumption of a smooth surface.
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Fig. 4.8. Normalized reflectance versus wavelength (nm) curve for IBC-HJ test structure.
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Fig. 4.9. Simulated colors for test structures (a) before any laser ablation, (b) after laser-ablation of sacrificial layers
which expose SiNy layer, and (c) underlying c-Si exposed due to the higher laser fluence, and (d) to (f) their respective

optical images of IBC-HJ test structure.

The optical color chart simulations were carried out after reflectance simulation. In Fig.
4.9. (a)—(c), the simulated colors (at incidence angles of 0°-70°) for the IBC-HJ test structure are
presented: firstly, prior to any laser ablation; secondly, following the laser ablation of sacrificial
layers exposing the SiNx layer; and thirdly, due to the higher laser fluence, uncovering the
underlying c-Si. Correspondingly, Figures 4.9. (d)—(f) display the actual optical images of these
scenarios. Remarkably, the predicted colors closely align with the actual optical colors. By
comparing the distinct projected colors with the observed optical colors, it becomes feasible to
deduce alterations in the thickness of laser-processed layers. Thus, the color identification chart
emerges as a dependable tool for estimating the thickness of specific layers, identifying their

removal and controlling the laser fluence.
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C. Surface topology and cross-sectional morphology characterization

Utilizing high-resolution SEM imaging enables the analysis of surface topography,
structure, and composition modifications resulting from laser interactions. This further
corroborates the optical images and color chart findings discussed earlier. The top-view SEM

images were captured using a secondary electron (SE) mode at a beam energy of 15 kV.
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Fig. 4.10. Top-view SEM images of ablations at different laser fluences of (a) 0.254 J/cm?, (b) 0.427 Jicm?, (c)

0.439 J/cm?, (d) 0.595 J/cm?, (e) 0.783 J/cm?, (f) 1.01 J/cm? and (g) 1.27 J/cm?.
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Fig. 4.11. FIB-SEM image of the cross-section at the edge of an ablated spot at the fluence 0.254 J/cm?2,

In Fig. 4.10., these top-view SEM images illustrate the emergence of circular ring patterns
on the SiNy layer relative to the laser fluence. For fluences surpassing 1.01 J/cm?, the uppermost
SiNx layers experience ruptures and detachment at the central region of laser impact, an
observation subsequently confirmed by our EDS analysis. Given that SiNy is transparent to the
532 nm laser, the fluence aligns with the threshold at which Si undergoes melting [151][152]. In
this context, at the core of the laser beam, the subjacent a-Si:H (n and i) layers attain a molten
liquid state for a duration sufficient to enable the accumulation and release of H. gas pressure
[153], potentially accompanied by a-Si vapor. This localized melting of a-Si is a consequence of
the laser-induced heat, leading to the melting of the surrounding a-Si in proximity to the laser spot.

Fig. 4.10. (a) depicts a minimal removal of the upper sacrificial a-Si:H layer at a fluence
of 0.254 J/cm2. A more pronounced laser-based removal of the a-Si:H thin film is illustrated in
Fig. 4.10. (b) at a laser fluence 0f 0.427 J/cm?, with a reduced debris formation. As the laser fluence
is incrementally raised, discernible ring fringes appear on the surface, as evidenced in
Fig. 4.10. (c) and (d). With higher laser fluences, the top sacrificial a-Si:H layer is ablated, and the
n-layer beneath the SiNx absorbs a portion of the laser energy. The SiNx layer's transparency to
the 532 nm laser wavelength results in predominant light absorption within the n-layer [154]-
[156]. This absorption leads to the heating, melting, and vaporizing of the n-layer, accompanied
by the liberation of H,. The vapor absorbs a fraction of the laser energy, attaining elevated
temperatures that induce ionization and the formation of plasma [157][158]. Fast localized heating
due to laser action, along with plasma creation, triggers an expanding shockwave, generating
visible fringes upon the solidification of the material. The presence of the SiNx overlayer

significantly amplifies the generated pressures compared to scenarios without the overlayer. At

77



even higher laser fluences, the plasma pressure intensifies, ultimately leading to the rupture of the
SiNy layer, as depicted in Fig. 4.10. (f) and (g). This interpretation is further substantiated through
EDS and XPS characterization methods.

The FIB-SEM imaging allows the characterization of the cross-section morphology after
removing materials by the ion-milling process. The gallium source was used for ion milling, and
the device was coated with 10 nm of Au and a ~1.5 um thick layer of Pt prior to imaging. In
Fig. 4.11., the FIB-SEM image shows the cross-section of the laser-ablated region at the fluence

of 0.254 J/cm?.

D. Surface elemental and chemical characterization
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Fig. 4.12. Line-map EDS spectra for N Kal at different laser fluences of (a) 0.254 J/cm?, (b) 0.427 J/lcm?, (c)

0.595 J/cm?, and (d) 1.01 J/cm?. The green spectrum denotes N (Ka), and the red spectrum denotes Si (L1).
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It's important to highlight that line-mapping EDS spectra were acquired at a beam energy
of 5kV. This choice was deliberate to exclusively capture the nitrogen element N (Kal) (depicted
by the green-colored spectrum) along the scan length D, corresponding to the presence of the SiNy
layer. In Fig. 4.12. (a)—(d), an observable trend emerges: an increase in laser fluence correlates
with a noticeable dip in the N-peak situated at the center of the laser impact, signifying a reduction
in the SiNy layer's thickness. Notably, at laser fluences of 0.254 and 0.427 J/cm? (as demonstrated
in Fig. 4.12. (a) and (b)), the N (Kal) profiles display considerable similarity, indicating the
removal of the upper a-Si:H layer and the exposure of the underlying SiNx layer. Subsequently, as
depicted in Fig. 4.12. (¢) and (d), where laser fluences of 0.595 and 1.01 J/cm? were utilized, the
line mapping was restricted to half of the laser spot area. Notably, the N peak gradually diminishes,
ultimately plummeting at the center. This observation signifies the thickness of the exposed SiNx
tapers as one progresses toward the spot's central region. This finding indicates that, for fluences
exceeding 0.427 J/cm?, a distinct gradient in SiNx thickness manifests, ultimately leading to its

rupture.
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Fig. 4.13. (a) Raman spectra of underneath a-Si:H passivation layer undergoing amorphous to polycrystalline phase

under various laser fluences. (b) Raman spectra of decreasing SiNy under different laser fluence conditions.

Employing the refractive index values (n and k) extracted from Fig. 4.7., the computed
absorption depth for the 405 nm blue wavelength Raman excitation laser in the a-Si:H layer (n =
5.155; k = 1.954) is approximately 16.49 nm. Correspondingly, for the SiNx layer (n = 2.344; k =
0.0003), the calculated absorption depth is approximately 54.9 pum. This translates to roughly 16%
of the incident blue light intensity traversing through the uppermost 30 nm of the sacrificial a-Si
layer and reaching the SiNx layer. In Fig. 4.13. (a), we present the Raman scattering data
originating from the underlying a-Si:H layer, which undergoes phase transitions from an
amorphous to a polycrystalline state at different laser fluences. Evidently, a broad Raman peak
centered around ~480 cm™!, in line with the literature, signifies the presence of the a-Si:H layer
[159]. A slight shift in the a-Si:H peak is observable with the increasing laser fluence. Notably, at
a laser fluence of 1.01 J/em? a distinct sharp peak emerges at 498.6 cm™!, approaching the
crystalline Si peak. Moving to Fig. 4.13. (b), a discernible decline in the broad peak at ~800 cm ™!
is depicted, correlating with an increase in laser fluences. This peak is attributed to the presence of
SiNy [160][161]. Under conditions of non-ablation, the Raman scattering stems from both the
upper sacrificial a-Si:H layers and the underlying SiNx, with only approximately 16% of the
incident blue light reaching the a-Si:H/SiNy interface. Consequently, the broad SiNx Raman peak
at ~800 cm™! exhibits the lowest intensity counts. Contrastingly, under ablation conditions, the
total intensity counts of the SiNx peak increase as the remaining amount of a-Si:H layer becomes
negligible. As the laser fluences rise, a reduction in the peak's intensity is observed. This trend can

be attributed to the diminishing presence of the underlying SiNx due to ablation, resulting in
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reduced Raman scattering. The EDS spectra validate the phenomenon of thinning out of the SiNx

layer.
Table 4.2. Data of Si:N ratio at various laser fluence
Fluences Intensity of Si (2p) Intensity of N (1s) | Si(2p): N(1s)
(J/lcm?) (a.u.) (a.u.) Ratio
Unablated 37.1 0.4 92.8
0.427 22.57 2.89 7.8096
0.595 22.93 3.62 6.3342
1.01 25.6 2.1 7.0718
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Fig. 4.14. XPS Si(2p) spectra of (a) unablated, (b) 0.254 J/cm?, (c) 0.427 J/cm?, (d) 0.595 J/cm?, (e) 1.01 J/cm?

fluences and (f) N(1s) spectra of all the laser fluences. The average measurement error across all elements was found

to be ~10.7%.

81



High-resolution XPS (HR-XPS) measurements were conducted with a spot size of 50 um,
resulting in an average signal obtained over two laser spots with a 20 um beam diameter. The error
bars in all XPS measurements were within + 0.2 ¢V. The XPS spectra were calibrated to the C (1s)
peak at 284.8 ¢V following ASTM/NIST guidelines [162]. The collective measurement error
across all elements, computed from five distinct XPS measurements in the unablated region, was
approximately 10.7%. Table 4.2. highlights a declining Si(2p): N(1s) ratio as the laser fluence
increases, indicative of an augmented exposure of the SiNy layer after removing the sacrificial a-
Si:H layers. A marginal upswing in the Si(2p): N(1s) ratio is evident at laser fluences surpassing
1.01 J/em?, attributed to the emergence of underlying c-Si at the laser spot centers. Within Fig.
4.14. (a)—(e), the presence of a Si (2p) peak at 99.4 eV signifies the existence of Si-Si bonds within
both the a-Si:H and c-Si layers. A Si-O peak at 103.5¢V indicates the formation of SiOp,
corroborating findings by He et al. [163]. The Si-N peak at 101.84 eV and a potential N-Si-O
complex peak at 102.64 eV under a fluence of 0.595 J/cm? align with existing literature [164]-
[166]. Fig. 4.14. (a) portrays the presence of the upper a-Si:H layer and its inherent oxide during
unablated conditions. In Fig. 4.14. (b), the Si-N peak confirms the targeted ablation of the upper
a-Si:H layer, leading to SiNx exposure. A comparable peak structure is evident in Fig. 4.14. (c). In
Fig. 4.14. (d), at a fluence of 0.595 J/cm?, the robust emergence of the N-Si-O peak indicates the
conversion of the SiNy layer into a silicon oxy-nitrile (N-Si-O) complex at the laser spot center
due to the Gaussian beam profile. Fig. 4.14. (e) displays the disappearance of the N-Si-O peak,
aligned with the peel-off phenomenon observed at the laser spot centers. Lastly, Fig. 4.14. (f)
showecases the absence of the N (1s) peak in the unablated sample and the emergence of the N (1s)

peak at 397.9 cm™!, substantiating the presence of the SiNx layer owing to the N-Si bond [167].
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Hence, the comprehensive XPS and Raman investigation collectively demonstrates that the a-Si:H
layer can be laser ablated to uncover the underlying SiNx layer through ns laser processing, all

while preserving passivation.

E. Comparison with lithography patterned devices

The novelty of using a photoresist (PR) coating on IBC-HJ sample devices was that the
selective UV laser exposure of the top sacrificial PR layer coating would create patterns without
any direct laser-induced heat damaging the device. Later, after the development of the laser-
exposed areas, selective chemical etching was conducted, followed by stripping off the remaining
PR layer. This concept needs no complex masking and ensures flexible spatial-resolved patterning.

The positive PR used in this experiment was AZ5214.

Fig. 4.15. Cross-sectional SEM image of IBC device after laser exposure of photoresist and selective chemical etching

of top sacrificial a-Si:H and SiNy:H layers.
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Table 4.3. MCL and iVoc before and after laser exposure of the photoresist layer

After laser

Laser 1.4 um Before laser exposure and
sample | Fluence t'hit:lk exposure selective chemical

(J/cm?) | Photoresist - etchings -

MCL IVoc MCL (us) IVoc
() | (mV) " L (mv)
01 0.14 AZ5214 679 699 573 693
02 0.12 AZ5214 1280 721 1227 720

The cross-sectional SEM images, shown in Fig. 4.15., showed the success of this approach.
A negligible drop in iVoc (< 7 mV) and in MCL (~4.1% decrease), shown in Table 4.3., was
observed after laser exposure and selective chemical etchings. Hence, optimized UV laser
exposure to the PR layer induced negligible damage to the IBC solar cell devices. This indirect
laser patterning has proved to be a potential method of fabricating IBC devices at high throughput

and lower complexity.

4.3. Conclusion

The ns pulsed laser patterning for fabricating IBC-HJ solar cells is demonstrated. The laser
fluence required for the removal of the top sacrificial a-Si:H layer was found to be 0.254 J/cm?. At
this laser fluence, minimal effect on carrier lifetime and a change of iVoc of only ~5mV was
observed. At these laser fluences, the a-Si: H sacrificial layer gets ablated, and the SiNy layer is
exposed. With the increase in laser fluence, the removal of the SiNx layer was observed because
of the laser light absorption in the underneath layers and the development of vapor pressure. The
underneath a-Si:H (i and n) layers, acting as passivation and dopant layers, convert to the

polycrystalline phase as laser fluence is increased beyond 0.595 J/cm?. At laser fluences greater
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than 1.01 J/cm?, direct laser crystallization was observed and resulted in the rupturing of the SiNyx
layer at the center of the laser spot. The presence of the SiNx layer because of the laser ablation of
the a-Si:H layer was confirmed by line-mapping EDS and Raman measurements. The Raman data
also showed gradual crystallization at the laser spot and a decrease of the underlying SiNy layer
with increased laser fluence. The XPS measurements showed the growth of SiO2, SiNy, a complex
N-Si-O at the surface (at 0.595 J/cm?), and a decrease in the Si/N ratio after laser processing. The
optical constants of the layers were measured using ellipsometry, and it helped to generate color
charts, which can be reliably used to identify the changes in layer properties under different laser
processing parameters. Such a method can also be used for multilayer identification in different
thin-film devices. The ns pulsed lasers optimized in this work can successfully fabricate IBC-HJ
solar cells with no significant degradation of iVoc by the proper selection of laser fluence. Lastly,
the indirect laser patterning of IBC devices using photoresists and selective chemical etchings gave
high-performance results of iVoc as high as 720 mV, similar to optimized direct laser patterning

of IBC-HJ devices.
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CHAPTER 5: Rapid Thermal Annealing (RTA) of p-TOPCon Si

Solar cells

In this chapter, the feasibility and efficacy of RTA processing in the fabrication of in-situ
B-doped p-TOPCon solar cells have been thoroughly investigated and optimized. We started our
scientific investigation on the low-temperature (530 °C) LPCVD TOPCon devices. Here, we
present the results of RTA under air versus N2 and the effect of high-intensity light under heat on
in-situ B-doped p-TOPCon solar cells. The mechanism of passivation degradation was
investigated through various measurements, such as surface morphology, carrier lifetime,
crystallinity, chemical compositional changes, electrical sheet resistances, and oxidation state of
SiOx. The results of SiNx:H coating under RTA conditions were also characterized.

Later, we continued this scientific investigation for the high-temperature (588 °C) LPCVD
TOPCon devices. Here, we used the prior optimizations of RTA processing and studied the effects
of RTA heating, holding, and cooling times on the passivation quality, iV, and dopant activation.
The impacts of B-doped poly-Si and pulsed RTA were also explored. The device characterizations
were conducted using photoluminescence (PL), QSSPC, and 4-point probing. This detailed study
of RTA processing helps in understanding the effects of fast heating-cooling cycles during

annealing and optimization of the potential use of laser processing of p-TOPCon devices.

5.1. Experimental

A. Fabrication of the p-TOPCon test structure
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The p-TOPCon architecture employed in this study utilizes an in-situ B-doped poly-
Si/SiOx stack on n-type c-Si wafers. The in-situ boron doping method offers multiple advantages
over ex-situ methods, including simplicity, independence from dopant pre-deposition processes,

higher throughput, the increased deposition rate of the poly-Si layer, elevated boron concentration,

enhanced field-induced passivation, and a reduced optimal annealing temperature [168]-[170].

a-SiN,:H (80 nm)

B-doped a-Si:H (30 nm)
Tunnel Oxide (1.5 nm) B-doped poly-Si (100 nm)

Tunnel SiO, (1.5 nm

Tunnel Oxide (1.5 nm)
B-doped a-Si:H (30 nm)

Tunnel SiO, (1.5 nm)

(@) (b)

Fig. 5.1. Schematic diagram of a fabricated TOPCon test structure fabricated at (a) lower LPCVD temperature 530 °C

and (b). higher LPCVD temperature of 588 °C. The dotted a-SiNx:H layers are considered when the test structure is

TOPCon/ SiNx:H

Fig. 5.1. presents the schematic diagrams of the symmetric TOPCon test structure and the
SiNx:H layer (dotted). These test structures were fabricated on 200 um thick n-type
monocrystalline Cz-type <100> silicon wafers with a 3.2 Q-cm bulk resistivity. Saw damage was
eliminated by subjecting the wafers to a 9% wt. KOH solution at 80 °C for 12 minutes, resulting

in a semi-planarized surface. The wafers were meticulously cleaned in a sequence involving
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piranha solution (96% wt. H2SO4: H20,: DI :: 1:1:2) and SC-2 solution (38% wt. HCI: H20.: DI
:: 1:1:2), with oxide removal (5% wt. HF solution) performed between each step and at the process
conclusion. The temperature of the solutions ranged between 50 and 60 °C. Following this, an
ultrathin layer of SiOx (~1.5 nm) was grown on both sides of the silicon using 70% wt. electronics
grade HNOs at 100 °C for 15 minutes. The subsequent step involved the growth of in-situ boron-
doped polysilicon on both sides of the wafer using a Tystar tube low-pressure chemical vapor
deposition (LPCVD) system using silane and diborane precursor gases. Two sets of test samples
were fabricated, where the first set had a polysilicon layer grown at 530 °C and the second set of
test samples at 588 °C for 27 minutes. The resulting thickness of the polysilicon layers in the first
set of samples, as shown in Fig. 5.1. (a), was approximately 30 nm, and in the second set of test
samples, the thickness was ~100 nm, as shown in Fig. 5.1. (b). Furthermore, some samples from
the first set were coated with an 80 nm layer of SiNx:H on both sides in a Centrotherm plasma-
enhanced chemical vapor deposition (PECVD) reactor to achieve improved passivation through
hydrogenation. The furnace-annealed sample underwent annealing in nitrogen at 875 °C for 30
minutes in a Centrotherm tube furnace with a ramp-up from 600 °C at approximately 10 °C/min.
The reason for growing the second set of samples at 588 °C was to enhance the polycrystallinity
compared to lower samples grown at lower temperatures.

Before any subsequent processing steps, 1 cm x 1 cm dimension samples were cut from a
singular 6-inch test wafer to serve as the test samples for all material characterization except carrier
lifetime measurements. Quasi-steady-state photoconductance (QSSPC) carrier lifetime
measurements were conducted on test samples of size 1 in2. The QSSPC sensor coil exhibited a
diameter of 4 cm. For each thermal annealing test, a total of three samples were meticulously

prepared. The film thickness variation across a 1 cm length was determined to have a maximum

88



deviation of £5%. It is important to note that the homogeneity of boron concentration was not
assessed.

Both rapid thermal annealing (RTA) and forming gas annealing (FGA) were conducted
within the AnnealSys rapid thermal processing (RTP) system, employing various processing gas
environments such as ultrapure N2 and forming gas (composed of 5% H> and 95% Ar) from
Praxair. The surrounding air was used for air annealing, with the room's humidity recorded at
40%-42%. It is worth noting that the temperature range for breaking Si-H bonds and
dehydrogenation spans from 300 to 550 °C, and a slower heating rate is employed to prevent the

formation of blisters [171].
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Fig. 5.2. Schematic diagram of the RTA temperature profile conducted for the first set of test samples with lower

temperature (530 °C) LPCVD poly-Si layer. (Adapted from [87], with the permission of MDPI, Energies.)

In the case of the first set of test samples with lower temperature (530 °C) LPCVD poly-
Si, all RTAs consisted of a three-step process, as shown in Fig. 5.2. The three-step approach was
adapted from Lee et al.'s work, though their study was confined to tube-furnace annealing [87].

The first step involved a 30-minute ramp-up from room temperature to 350 °C, followed by a 30-
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minute dwell. Subsequently, a 30-minute ramp-up to 500 °C was carried out, followed by a 30-
minute dwell. The final step comprised a 10-minute ramp-up to specific annealing temperatures,
such as 625, 750, 825, and 875 °C, with a 5-minute dwell time. Both N, and air atmospheres were
used for these RTAs. The cooling rate during RTA was about 300 °C/min, compared to about
3 °C/min in the tube furnace. The rapid cooling rate underscores the expeditious nature of our RTA
processing. For the FGA process, the annealing treatment occurred at 425 °C, forming gas for 1
hour. To investigate potential light-induced damage from the tungsten-halogen lamp in the RTA
system, a 500 pm thick p-type c-Si wafer cover with a 1.05” x 1.05" area was placed over the test
samples during all annealing procedures, regardless of the annealing atmosphere. The avoidance
of physical contact between the Si wafer cover and the test sample was ensured using small Si
spacers. The test samples were subjected to direct light exposure using the three-step RTA process
at 825 °C in N2 and air to assess the impact of light-induced degradation. Furthermore, a few
selected test samples from the first set (of LPCVD 530 °C) with a SiNx:H layer underwent direct

RTA at 825 °C in N2, followed by FGA.
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Fig. 5.3. Schematic diagram of the RTA temperature profile conducted for the second set of test samples with higher

temperature (588 °C) LPCVD poly-Si layer.

In the case of the second set of test samples with higher-temperature (588 °C) LPCVD
poly-Si, the variations were made in the RTA heating time (30 sec to 150 sec), holding time (10 sec
to 150 sec) and cooling time (30 sec to 300 sec) in N2. The temperature profile of the RTA process
is depicted in Fig. 5.3. The pulsed form of RTA, as shown in Fig. 5.4., was also used to study the
passivation quality under a series of pulsing heating, holding, and cooling times. Only thoq Was
varied as 10 sec or 60 sec. All other time frames, including time between any 2 pulses at 550 °C,

consisted of 60 sec. Such a design was formulated to relieve thermal stress.
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Fig. 5.4. Schematic diagram of the 5-pulses RTA temperature profile.

To investigate the effect of the B-doped poly-Si layer on the passivation quality and the

extent of the boron dopant diffusion at the SiOx/Si interfaces, four test samples of 1 cm x 1 cm
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area, including the starting and the reference furnace anneal samples were selected. The B-doped
poly-Si layer was selectively etched using 20% wt. KOH at 40 °C for 250 sec at an etch rate of -
0.4 nm/s. The first sample was as-prepared (starting), the second was furnace annealed, the third
was KOH etched, and the fourth went through RTA and then KOH etched. The KOH etching kept

the SiOx layer on the silicon wafer.

B. Characterization techniques

Except for the QSSPC iVoc measurements, all characterization studies were conducted on
test samples with an area of 1 cm2. The surface morphology was examined using a 15° stage tilt in
an FEI Quanta 650 Field Emission Scanning Electron Microscope. The QSSPC iVoc
measurements were executed on test samples with an area of (1” x 1”) using the WCT-120 Silicon
Wafer Lifetime Tester from Sinton Instruments. The input of sample thickness was manually set
as 0.02 cm with 2.8 Q-cm resistivity, n-type dopant, 0.7 optical constant and generalized analysis
mode. These iVoc measurements were performed under 1 Sun conditions.

For passivation characterization using photoluminescence (PL), an experimental setup was
used comprising a continuous-wave laser (Melles Griot) with a wavelength of 532 nm and power
of 2 W as the excitation source. The spot size was approximately 1 mm. The spectrometer was a
Horiba Jobin Yvon iHR320 operated by SynerJY v3.5 software, coupled with an InGaAs detector
and an SR830 DSP lock-in amplifier from Stanford Research Systems. To prevent detector
saturation, minimize heating of test samples, and ensure a high signal-to-noise ratio, the laser
power was reduced to 70 mW using neutral density filters and quartz glass reflection. Each PL
spectrum reading was an average of 10 scans. The absolute PL intensity values are arbitrary but

can be used to compare the passivation quality. The PL intensity peak at ~1150 nm was due to the
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c-Si bandgap of ~1.1 eV [172]. Micro-PL measurements were also performed to assess and
differentiate passivation quality on the blister and non-blister regions. This pu-PL measurement had
a spot size of approximately 150 um. The PL data carried an approximate intensity error of around
+2.6%.

For crystallinity measurements using Raman spectroscopy, a Renishaw InVia TM
Confocal Raman Microscope was utilized with a 405 nm excitation wavelength laser and a spot
size of 1.8 um. Each Raman scattering data point was an average of ten scans, each with a 15-
second acquisition time. A reference sample was used prior to measuring the test samples to
account for factors such as optics, mounting effects, and crystallinity changes.

Sheet resistances were determined using a Jandel four-point probe station for electrical
characterization. Chemical compositional characterization was done using Fourier transform
infrared (FTIR) spectroscopy on a Thermo Scientific Nicolet iS50 FT-IR instrument. Each FTIR
reading comprised an average of 256 scans, with background readings averaged over 200 scans.

X-ray photoelectron spectroscopy (XPS) characterization was employed to ascertain
quantitative surface chemical and elemental composition, depth profiling, and oxidation state
determination. This was carried out on a PHI Versaprobe Ill scanning X-ray photoelectron
spectrometer with a spot size of around 200 um and an Al monochromatic X-ray source. The pass
energy was set at 280 eV with a 0.5 eV acquisition step. For the XPS spectra of TOPCon structures,
the C(1s) peak was calibrated to 284.8 eV following ASTM/NIST standards [162]. For the
TOPCon/SiNx:H samples, the N(1s) peak was calibrated to 397.86 eV [173]. The XPS

measurements for SiOx oxidation states carried an error bar of approximately 0.2 eV.
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5.2. Results and discussion

The experimental findings and characterization results are discussed in this section. We
investigated the effects of RTA atmospheres, high-intensity lamplight environment, and SiNx:H
coatings on the first set of test samples with lower temperatures (530 °C) LPCVD poly-Si. They
have been discussed in sub-sections 5.2.A. to 5.2.C. The scientific findings from this study led us
to a newer approach of increasing the LPCVD temperature to 588 °C and a thicker poly-Si layer
for the second set of test samples. We continued our detailed scientific investigation into
understanding and optimizing the effects of RTA heating, holding, and cooling times, the effects
of B-doped poly-Si layers on passivation quality, and the pulsed form of RTA. These results have

been discussed in sub-sections 5.2.D. to 5.2.1.

A. Study of the effects of RTA atmospheres

1. Surface morphology

Micro-pyramidal hillock

<3 TP,

« Blisters

-

300 pm 300 pm

Blister

Fig. 5.5. Top-view SEM images of (a) as-deposited sample, (b) blisters (black areas) after RTA at 875 °C in air, and

(c) blisters (black areas) after RTA at 875 °C in No.

Fig. 5.5. (a) presents a top-view image of the samples in their as-deposited state. No
blistering was detected, though octahedral pyramidal features were evident on the surface. These

structures resulted from KOH etching during the semi-planarization process and remained
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unaffected by variations in annealing temperatures and durations. A study by Schroder et al. [174]
has previously discussed the observation and potential mechanism behind such pyramidal features
during the KOH etching of Si. Fig. 5.5. (b) showcases the top-view SEM image of blisters observed
on samples air-annealed at 875 °C. Notably, a higher density of similar blisters was observed in
N2-annealed samples at 875 °C, as depicted in Fig. 5.5. (c). These blisters covered approximately
1% of the total surface area for air-annealed samples, while in N2-annealed samples, they covered
roughly 3%—4% of the total surface area. The morphology of samples annealed in the tube furnace
is not shown, as no discernible changes were identified.

The elevated-temperature annealing induced the separation of Si-H bonds, leading to the
liberation of atomic hydrogen within the poly-Si/SiOx/c-Si structure. These atomic hydrogens
aggregated to form molecular Hz, which then escaped under its considerable pressure, causing the
rupture of the polysilicon layer and manifesting as blisters [175]. The implementation of a three-
step procedure involving lower-temperature annealing served to mitigate the formation of blisters.
Additionally, samples annealed in the furnace exhibited a diminished presence of blisters,
potenti