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ABSTRACT

Crystalline silicon (c-Si) covers more than 85% of the global photovoltaics (PV)
industry and has sustained a nearly 30% year-over-year growth rate. Continued cost and capital
expenditure (CAPEX) reductions are needed to sustain this growth. Using thin silicon wafers
well below the current industry standard of 160 um can reduce manufacturing cost, CAPEX,
and levelized cost of electricity. Additionally, thinner wafers enable more flexible and lighter
module designs, making them more compelling in market segments like building-integrated
photovoltaics, portable power, acrospace, and automotive industries. Advanced architectures
and superior surface passivation schemes are needed to enable the use of very thin silicon
wafers. Silicon heterojunction (SHJ) and SHJ with interdigitated back contact solar cells have
demonstrated open-circuit voltages (Voc) surpassing 720 mV and the potential to surpass 25%
conversion efficiency. These factors have led to an increasing interest in exploring SHJ solar

cells on thin wafers.

In this work, the passivation capability of the thin intrinsic hydrogenated amorphous
silicon layer is improved by controlling the deposition temperature and the silane-to-hydrogen
dilution ratio. An effective way to parametrize surface recombination is by using surface
saturation current density (Jos). A notable Jos of 0.6 fA/cm” is achieved on textured wafers for
wafer thicknesses ranging between 40 and 180 um which is an order of magnitude lesser
compared to the prevalent industry standards. Implied open-circuit voltages over 760 mV were
accomplished on SHJ structures deposited on n-type silicon wafers with thicknesses below 50
um. An analytical model is also described for a better understanding of the variation of the
recombination fractions for varying substrate thicknesses. The potential of using very thin

wafers is also established by manufacturing SHJ solar cells, using industrially pertinent



processing steps, on 40 um thin standalone wafers while achieving maximum efficiency of
20.69%. It is also demonstrated that 40 um thin SHJ solar cells can be manufactured using
these processes on large areas (>120 cm®). An analysis of the percentage contribution of
current, voltage, and resistive losses are also characterized for the SHJ devices fabricated in

this work for varying substrate thicknesses.
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al. (a) SiHs Reaches the Film Growing Surface and Diffuses Along the Surface (b) Surface
Diffusing SiH; Abstracts Hydrogen Forming SiH, and Leaving Behind Si-dangling Bond
(c) Another SiH3 Radical Attaches to the Dangling Bond Forming Si-Si Bonds Leading
tO FIlm FOIMAtION. w.viiiiiiiccccctceee e e 43
Effective Minority Carrier Lifetime and iVoc 0of 4242 um Thick Wafers as a Function of
Different Silane-to-Hydrogen (SiH:H») Dilution Ratios for a Susceptor Temperature of
275 °C. p-1 and i-n a-Si:H Layers Were Deposited on These Wafers. Each Data Point
Represents an Average Effective Minority Carrier Lifetime and iVoc Obtained From Two
Wafers. The Dashed Lines are a Guidance to the Eye Obtained Using B-Spline
Smoothing Function to Fit the Data. The Average Thickness of a-Si:H Doesn’t Vary
Significantly Between Different Dilution Ratios. An Injection Level of 3x10" cm”
Represents the Maximum Power Point for 4242 um Thick Wafers. .......cccccevviiirininnee. 45
Measured Effective Minority Carrier Lifetime (at 3x10" cm™ Injection Level) and Implied

Open Circuit Voltage (iVoc) of p-i/c-Si/i-n Structutes Deposited on 4242 um Thick

Wafers. The Deposition Temperature of the Intrinsic Layer was Varied by Controlling
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the Susceptor Temperature. The Intrinsic Layer Thickness (6 nm) and Silane-to-
Hydrogen (SiH4:H) Dilution Ratio (20%) is Kept Constant for All Samples in This Plot.
The P and N Doped Layers Were the Same for All Samples. Ten Samples Were Measured
for Each Deposition CONAItION. ...t sesssesesensaes 46
Variation of a-Si Thickness Deposited on a 150 mm Polished Wafer for Two Different
Susceptor Temperatures Measured Using VASE. The Average Thickness is 6.5 nm for

Both Deposition Conditions. The Non-Uniformity is 5.1% at 275 °C and 34.6% at 250

Comparison of T vs Minority Carrier Density on 42+2 um Thick Wafers for the Baseline
and Optimized Process. iVoc and iVyp are Indicated as Seen in the Graph. The Dashed
Blue Line Represents the Fundamental (Auger and Radiative) Minority Carrier Lifetime
Limit Calculated According to Richter et. al Parameterization [23]......ccccevceuvviicerunennee 49
Comparison of FTIR Spectra for Different Susceptor Temperatures in Transmission
Mode. The Solid Lines Represent the Absorbance. The Dashed Lines Indicate the LSM
Peak Fits Done Between 1900-2010 cm™. The Dotted Lines Indicate the HSM Peak Fits
Done Between 2090-2110 cm™. R* for Each Peak is Calculated According to [45]. Cy is
Calculated According to [53]. The Intrinsic a-Si:H Thickness of 110 nm and In-Situ
Hydrogen Plasma Time was Kept Constant for All Samples. ....cccovveuvrvnicennicicrnenaee 50
Comparison of iVoc and iVwe of the Optimized and Baseline Processes for Textured
Wafers of Different Thicknesses. The Solid Black and Red Lines Represent the

Fundamental Voc and Ve Limits. The Dashed Lines Indicate Logarithmic Fits to the
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Data. Implied Voltages are Obtained for the Wafers Using the Sinton Lifetime Tester,
After Depositing i-p and i-n Layers on Them.......ccccvvieiiiciniciniciccecen, 52
The Jos for Different Wafer Thickness for Optimized and Baseline Processes. The Dashed
Lines Indicate the Average Jos Obtained from all the Data Points for Different
Thicknesses. A Base-10 Log Scale is Used for the Y AXiS. ..cccoevviiriiiiiiiiiine, 53
Recombination Fraction Details for Each Recombination Mechanism for 40 um and 170
um-Thick Samples for at Voc for (a) Jos=0.5 fA/cm® (b) Jos=1.5 fA/cm® and at Vyp for
(©) Jos=0.5 fA/cm® (d) Jos=1.5 FA/CM% ottt 54
(a) Variation of Sheet Conductance Calculated for N-type Silicon Wafers of Different
Thicknesses with a Base Doping of 1.5x10" ¢cm™ at Different Excess Cartier Density.
The Triangular Markers Represent The Sheet Conductance Calculated vs Excess Carrier
Density (An) of Wafers at Their Fundamental Vyp Limit and the Red Circular Markers
Represent the Same at Their Fundamental Voc Limit. (b) Sheet Conductance Measured
by Four-Point-Probe Versus Voltage Measured by the Inductive Coil of the WCT-120
System Obtained Using Samples with Various Resistivities and Thicknesses. ................ 56
[V Characteristics of 4242 um Thick, 4 cm” SHJ Solar Cells Manufactured Using the
Intrinsic a-Si:H Layer Baseline and Optimized Processes. The Thickness of Intrinsic a-
Si:H Layer is 6 nm for Both the Cases. The Voc (a), Jsc (b), FF (c), and Efficiency (d) are
Improved with the Optimized Process. The Structure of These Cells is as Represented in
Fig. 1(a). The Sample Size was Greater Than 10 for Each Process........cccoevcuciiiiiinnnnne 58
Top View Photo of a Metalized 40 um Thin SHJ Sample Fabricated on 156 mm

Standalone Wafer. The Screen-Printed Devices Have Multiple Patterns and Cells with
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Different Areas are Fabricated. These Patterns Can Also be Used to Measure the (a) TLM
Pattern: Contact Resistance of the Underlying Layers in the Devices and (b) Reflectance
of the ARC Layer Deposited on the Top of the SHJ Device to Optimize the Electrical
and Optical Properties of the DevVICES. .....ccvuviiiiriiiiiiiiniiiiiciceceeeeaes 59
EQE of Representative Samples for the Two Types of Solar Cell Structures Shown in
Fig. 11 Using 4242 um Thick Textured Wafers. Jyen of 37.5 mA/cm* Achieved Using 75
nm ITO and 38.6 mA/cm? Using SiO:ITO Stack. The Optimized Process was Used to
Deposit the Intrinsic a-Si:H Layer for These Samples. The Patterned Green and Yellow
Shaded Areas on Top of the EQE Curve are the Reflectance Measurements of the
Respective ARC LAYETS.....cciiiiiieiiicieiriicierie e essans 60
[-V Characteristics of 4242 um Thick, 4 cm® SHJ Solar Cells as a Function of Intrinsic
a-Si:H layer Thickness: a) Voc, the Markers Represent iVoc ; b) Jsc, the Markers Represent
Jeen; ©) FE, Where the x Marks Indicate the pFF, the Triangles Indicate Implied Fill Factor
(iFF); and d) Efficiency, Where the X Marks Indicate the Average Pseudo Efficiency
(pEff) and the Triangles Indicate Implied Efficiency (iEff). The Optimized Process was
Used to Deposit Intrinsic a-Si:H for All the Samples. The Structure of These Cells is as
Represented in Fig. 11(b). The Sample Size is Greater Than 10 for 6,7, and 14 nm Thick

Intrinsic a-Si:H Layer and greater than 4 for a bilayer intrinsic a-Si:H layer Respectively.

EQE of SHJ Solar Cells with Three Different ARC Structures. Each Type of SHJ Solar

Cell is Classified According to Their ARC Structure as Mentioned Before. .................... 64
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I-V Curves of 40 um-Thin SHJ Solar Cells. SHJ Calibration Cell Measured at NREL (Eff.
18.49 %) and In-House (Eff. 18.26 %). Blue Curve Shows the I-V Curve of Our Best 40
um-Thin SHJ Solar Cell with an Efficiency of 20.69 % Measured In-House. ................ 66
[V Characteristics of 4 cm®, SHJ Solar Cells as a Function of Substrate Thickness: (a)
Voc, (b) Jsc, (€) FE, (d) EffiCIency .ot seeens 67
(Data of Cells with Best Efficiencies Only) (a) Comparison of Voc, 1Voc and Fundamental
Voc of SHJ Devices for Varying Substrate Thickness. The Solid Black Line Represents
the Fundamental Voc Limit for Silicon. The Dashed Lines Indicate Logarithmic Fits to
the Data to the Implied and Final Device Voltages. (b) Comparison of Short Current
Density Obtained by Lambertian Limit, Modeled Using PV-Lighthouse Wafer Ray Tracer
and Measurements of the Final SH] Devices. The Dashed Blue Line Indicates a Linear
Fit to the Data. (c) Comparison of Theoretical Efficiency Limit of Silicon for Fill Factors
Set at 82 and 76% and Calculated Efficiency Limit for In-House SHJ Devices. ............ 69
Percentage of Various Device Losses in Comparison to the Silicon Efficiency Limit
Calculated Using [11]. The Inset Pie Chart Shows the Device Losses for a 170 and a 40
um Thin SHJ Solar Cell. The Grey Area Indicates the Current Device Efficiency as a

Percentage of the Theoretical Silicon Efficiency Limit for Varying Substrate Thicknesses.

Comparison of EQE of SHJ Devices for Varying Substrate Thicknesses. The Dashed

Curves are the Reflectance Measurements of the Devices. I'TO is Used as an ARC Layer

and the Deposition Conditions are Kept Constant Across These Devices. Inset Graph
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1. INTRODUCTION

Global energy production and storage are some of the most important issues of the current
age. The standard of living is directly proportional to the amount of energy consumed per
capita which necessitates more energy production. This demand is constantly rising due to the
growth in population and improvement in the standard of living in the developing world and
is expected to increase by 60% by 2040 when compared to the demand in 2015 [1]. Fossil fuels
are still the primary source of energy resources. They contribute to over 63% of the world's
electricity production and greater than 84% for world energy production, figure 1 (a) [2]. Fossil
fuels are constantly depleting due to exhaustive usage and their use for the production of
energy creates carbon dioxide which is one of the main greenhouse gas contributing to global
warming [3]. Global warming has extremely detrimental effects on our planet and there is an
immediate need for alternative renewable and sustainable resources. A pathway for
decarbonizing the energy production sector is to deploy economically feasible technologies to
enable a sustainable and clean energy future. Although the demand has risen for all sources of
energy over the years scaling up electricity production through renewables is crucial towards
meeting the aims outlined in the Paris Agreement [4].

Solar energy is one such inexhaustible resource and photovoltaics (PV) is an elegant and
sustainable method that has the potential to replace fossil fuels for energy production and cut
down on greenhouse gas emissions [5]. Solar energy production is expected to contribute
around 30% of the global electricity demand produced by renewables by 2050 [5]. Some
outlooks even predict 20% of global primary energy demand will be generated by

photovoltaics (PV) by 2050 [6].



PV technology was very small and developed slowly at the beginning, even though the
technology was robust, reliable, and long-lasting. It is only in recent years that the PV industry
has experienced an enormous change, with a remarkable increase in manufacturing capacities.
The total installed capacity for Photovoltaics has grown at an average rate of greater than 30%
per year in the last several years [1], [6]. Market prices for PV modules have almost reduced
by 10% and solar cell costs have reduced by 20% in the year 2019 [6]. PV technology is
constantly evolving with the main emphasis being on improving energy conversion efficiency

Other renewables, 2.50%
]

Solar,

2.70%
Hydroelectric, Solar,

15.80% 32.00% Solar,
39.00%

Nuclear, 10.40%

Hydroelectric+ Renewables +
Battery, 2.00% Battery, 11.00%

a) Electricity only b) U.S. Generating capacity c) U.S. Generating capacity
additions (Year 2020) additions (Year 2021)

Figure 1 a) Contribution of Various Conventional and Renewable Sources of Energy for
Global Electricity Production. Source: BP Statistical Review of World Energy (2020). *Other
Renewables Include Geothermal, Biomass, Wave, and Tidal Energy. b), ¢) Net US Electricity
Generating Capacity Additions for year 2020 and 2021. Source: U.S. Energy Information
Administration, Annual Energy Outlook 2020 and 2021.
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and manufacturing cost reduction. Out of the many different PV technologies that exist,
silicon based solar cells are considered the most mature and have been established as the most

dominant technology, figure 2.

1.1 Crystalline Silicon Solar Cells

Crystalline silicon (c-Si) currently dominates the PV market with a greater than 90% share
in total production and particularly mono-crystalline technology contributes to around 66%
of total production, figure 3 [6]. The properties of crystalline silicon and the idea for silicon
based photovoltaic devices were first discovered in 1941 at Bell Laboratories [7]. The first c-
Si solar cell was developed at the lab in New Jersey, where conversion of solar energy to

electricity was demonstrated on silicon p-n junctions [8]. The solar cells developed could
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Figure 3: World Market Share for Different c-Si Solar Cell Technologies and Extrapolation of
Demand to Year 2030. Source: ITRPV 2020 [6].

deliver power at a rate of 60 watts per square meter of the silicon surface, which is about 6%
efficiency [8]. Ever since then there has been a rapidly rising interest in solar cell manufacturing
using c-Si. The best commercially available ¢-Si modules can now achieve 24.4% efficiency
and manufacturers, like Kaneka, are targeting even higher targets by 2030 [9]. The main reason
for the dominance of c-Si based solar cells is the stability and abundance of silicon. The
physical properties of silicon have also been well established due to its extensive use by the
electronics industry for high-grade semiconductor devices, which helps reduce the price of
solar cells. Due to these favorable properties of silicon, there is a high interest in c-Si based

solar cells.



1.2 Motivation

During the last several decades novel technological advancements played a key role in
improving the c-Si solar cell power conversion efficiencies. For solar energy to be more
competitive compared to conventional and other renewable energy sources, there is a constant
need to drive the production costs lower to enable large-scale industrialization of ¢-Si PV.
Traditional multi and mono-crystalline silicon solar cells still form the major part of industrial
production and have achieved 19% and >20% respectively in these production lines [0].
Research and development are being continuously carried out to further enhance solar cell
efficiencies, reduce manufacturing costs, and achieve PV grid parity. The first ever silicon solar
cell structure to break the 20% conversion barrier was achieved by UNSW back in the late
1980s [10]. This record efficiency has been boosted to 26.7%, which was achieved by Kaneka
corporation, Japan in 2017. This acceleration of technological progress to improve conversion

efficiency is one of the keys to reducing the cost of power generation.

Many c-Si solar cell architectures are currently being pursued to achieve very high
efficiencies. In January 2019, LONGi Solar, China announced that it has achieved
monocrystalline silicon passivated emitter rear cell (PERC) conversion efficiency that exceeds
24 percent for the first time using commercial wafer (M2) dimensions [11]. A conversion
efficiency of 25.1% was achieved by Kaneka Corporation, Japan using Silicon Heterojunction
(SHJ) (pseudonyms — HIT, HJT) solar cell technology in 2015 [12]. The combination of this
SHJ technology and interdigitated back contact (IBC) has resulted in a new world record
efficiency of 26.7% by Kaneka Corporation in 2017 [13]. Researchers at ISE, Germany have

reported an efficiency of 25.8% using a new solar cell structure that uses tunnel oxide



passivated contacts (TOPCon) [14]. An efficiency of 26.1% was also achieved at ISFH,
Germany by using polycrystalline Si (poly-Si) on oxide junctions (POLO) as an approach for
passivating contacts [15]. Table 1 shows a detailed comparison of various device characteristics
for different solar cell architectures that have very high conversion efficiencies (>25%).
According to the latest International Technology Roadmap for Photovoltaics, SHJ technology
will gain significant market share over back surface field (BSF) cells, figure. 3. SHJ and IBC
solar cells will become more important as they lead to new opportunities in realizing silicon
based tandem cells which show great potential for achieving even higher conversion

efficiencies.

Table 1: Comparison of Device Characteristics of Different c-Si Solar Cell Architectures

Measured Under the Global AM1.5 Spectrum (1000 W/m?) at 25°C.

PERC POLO- TOPCON TOPCON

g IBC 15 17 17 SH] [12] IBC [13]
Voltage (mV)  687.9 727 732.3 7241 738 738
Jsc (mA/cm?)  41.81 42,6 42.05 42.87 40.8 42.65
(F‘)il) Factor 82.83 843 84.3 83.1 83.5 84.9
Efficiency 2383 26.1 26 25.8 25.1 26.7
(%0)
Area (cm?) 24443 4 4 4 151.9 79
Wafer type P-type  P-type P-type N-type N-type N-type
Surface SiN, SIN, ALO; ALO; i-a-Si i-a-Si
passivation ALOs

1.2.1 Silicon Heterojunction Solar Cell

Standard SHJ solar cell, like any other solar cell consists a combination of p-type and n-type

materials. Amorphous and crystalline silicon are the main materials used in this device. The



first heterojunction device using amorphous silicon (a-Si) and c-Si stacked solar cell was
designed in 1983 having efficiencies more than 12% [18]. The cell has a wide bandgap material
at the top and a narrow bandgap at the bottom and triggered further investigation into the
incorporation of a-Si in solar devices. A major milestone was achieved by Sanyo when it
introduced a thin undoped buffer layer of a-Si between the doped emitter and the substrate,
the Heterojunction with Intrinsic Thin-layer (SHJ/HIT) to reduce the surface defects.
Efficiencies as high as 18% were achieved by these structures [19]. To reach the full device
potential of the SHJ cell, the surface recombination must be minimal. Insertion of a wide band
gap material like a-Si separated the highly recombinative metal contacts from the crystalline
surface. Intrinsic hydrogenated amorphous Silicon (i-a-Si:H) of only a few nanometer
thickness was found to be a promising candidate because of its low concentration of defects.
These results motivated a lot of research groups to develop Sanyo’s SHJ structure. The best
efficiencies were obtained when a similar buffer layer was used as a passivating back contact.
The introduction of the buffer layer improvised on every important parameter for a solar cell,
but the open-circuit voltage (Vo) benefitted the most. It was the use of a-Si that led to record

values for V,. and high efficiencies of SH]J cells.

SHJ solar cells have been attracting a growing amount of interest year over year due to the

following advantages:

(1) Very high open-circuit voltage: both the large band bending between amorphous Si and
crystalline Si and the excellent surface passivation of crystalline Si surface by intrinsic

amorphous Si result in a high open-circuit voltage and a high conversion efficiency.



(2) low temperature process: low temperature process can not only save energy, but also
prevent any degradation of bulk quality that happen with high temperature cycling process in

low-quality silicon materials such as solar grade crystalline Si.

(3) good stability: n-type silicon wafers are used as the substrate without light-induced
degradation. Additionally, a much better temperature coefficient can be obtained for HIT solar

cells compared with conventional diffused cells.

(4) structural symmetry: compared to conventional crystalline silicon solar cells, the
symmetrical structure reduces the mechanical stress, and therefore the thickness of the cell
and the production cost can be reduced greatly. Meanwhile, the bifacial modules consisting of
such symmetrical HIT cells can absorb light from double sides and thus improve the

generating capacity.

Due to these benefits, there has been a marked increase in the research and development of
SHJ solar cells. An analysis of the production costs of this technology has also been reported
which sheds more light on various areas that can be improved [20]. The division of various
solar cell architecture production costs can be seen in figure 4. A silicon wafer costs around
0.23 USD per Watt-peak (Wp) for a standard diffused junction solar cell [20]. This is greater
than 60% of the total solar cell production costs. For a standard SH]J cell, the silicon wafer
cost has been estimated to be around 0.19-0.22 USD per Watt-peak (Wp) which is around 55

to 65 % of the total solar cell production costs [20].



A recent study in 2020 [21] reported the cost of making PV Modules normalized to its
power output. Specific contributions in the supply chain of PV manufacturing are broken
down into: poly Si production, ingot growth and wafering, cell processing and module
assembly, figure 5. They report that the combined capex contribution of the poly-Si and
wafering processes have persistently been above 50% over the past eight years and over 30%
of the total module cost. One way to further reduce the costs of c-Si wafers is to reduce the
current standard thickness of around 170 — 180 um down to 80-100 um range [6], [20]. It has
also been reported that using advanced device concepts and 50 um thin silicon wafers,
manufacturing capital expenditure can be reduced by 48% and the total module cost by 28%

[21]. According to the latest international technology roadmap for photovoltaics (ITRPV)

Module cost (2018) @
R&D

0,
9.4% Module assembly

Cell processing

37.5%

B Ingot growth and
wafering

18.8%

@ Poly Si production

Figure 4: Module Cost for Monoctystalline Si PV Modules for 2018. Price Contributions for
PV Manufacturing Are Broken down into Five Main Categories: Poly Si Production, Ingot
Growth and Wafering, Cell Processing and Module Assembly. Data for Plot from [16].



there was 175 GWp of global PV installation in 2019. 4% of this market share was made up of
n-type CZ wafers which accounts for 7 GWp [6]. A cell wafer cost of 0.22 USD /W, leads to
a market share of 1.54 billion USD. A 25% reduction in silicon wafer thickness leads to a cost
reduction of 0.02-0.03 USD/Wp which can potentially lead to a matket capitalization of 175
million USD. Additionally, thinner wafers enable more flexible and lighter module designs,
making them more compelling in market segments like building integrated photovoltaics
(BIPV) [22], portable power applications [23], [24] and aerospace and automotive industries
[25]. These factors have led to an increasing interest in exploring SHJ solar cells using thin

wafers.

Production of very thin silicon wafers also has setbacks due to kerf loss and yield of
production. The current silicon wafer kerf loss of 75 um is expected to reduce to 50 um by
2030 [0]. Parallel improvement in the efficiencies of these SHJ solar cells can also drive down

the total costs with respect to the total power generated. SHJ solar cells also require the use of

* Improved saw wiring MORE
Wafer . wafers/ingot.
manufacturing Alternative wafer growth Lower Si cost and
* High bulk lifetime LCOE
L. v, ., v
4 N 4 N
* Improved wafer handling (e.g. bonding) Excellent testbed
Cell L. and applicable to
manufacturing Advanced surface texture and passivation all range of wafer
* Stress neutral metallization (e.g. bowing) thickness
L. v L. v
4 N 4 N
* Low temp. and stress for soldering and interconnection NEW
Module * Stress neutral encapsulation APPLICATIONS:
manufacturing ; P - . . BIPV, UAV,
* Low impact transportation and installation Portable power
L. v L. v

Figure 5: Specific Areas of Manufacturing That Require Considerable Improvement to
Achieve High-efficiency Thin-PV Modules and Their Benefits in the Red Box Are Outlined.
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specialized equipment. The use of transparent conductive oxides and low temperature silver
paste adds to the cost of the SHJ solar cell. This leads to an increase in capital cost and the
cost of PV modules. Multiple technology research and developments are required to enable
the use of thin c-Si substrates for large-scale PV deployment. Some of the details with regards
to manufacturing and their benefits are outlined in figure 5. Although there are multiple
pathways to achieve economically sustainable production of SHJ cells, this thesis mainly

concentrates on the objectives detailed below.

1.3 Research Objectives

As discussed in the previous sections a reduction in silicon wafer usage and improvement
in the efficiency of SHJ solar cells to increase the power delivered per unit area per unit mass

occupied by the PV system are a couple of ways to drive down production costs.

The main objectives of this thesis are to:

e Improve the surface passivation properties of the intrinsic amorphous silicon layer in
silicon heterojunction solar cells to:
o Enable very low surface saturation current density and high open-circuit voltages
o Enable high efficiency on thin c-Si solar cells over large areas

e Evaluate the impact of these improvements for a wide range of substrate thicknesses

e Characterize the percentage contribution of device losses in comparison to the

theoretical limit

The approach taken to achieve these objectives are:

11



e Develop a fabrication process for large area silicon heterojunction solar cells using

substrate thicknesses down to 40 um

e Explore certain factors influencing the device performance

1.4 Outline

This thesis developed the SHJ fabrication flow on large and small area 40 um thick wafers
which allowed SHJ solar cells to achieve > 740 mV and >20% efficiency. It was also
demonstrated that the state-of-the-art a-Si process can be developed to achieve surface
saturation current densities which are lower than 1 fA/cm® This work also explored the
practical efficiency limit of silicon solar cells using thin solar-grade substrates and establishes
that for surface saturation current densities below 0.2 fA/cm? the optimum wafer thickness
is between 40 to 60 pm. This work also used a non-destructive diagnosis of bare-silicon wafers
using a photoluminescence tool which can be used as a quality control step to verify the
effectiveness of the surface cleaning process. An in-depth study was also done on the influence
of laser-induced defects, treated as high recombination areas on the surface of SHJ solar cells,

and their impact on the Current-Voltage (I-V) characteristics.
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2. ASSESSING N-TYPE SILICON EFFICIENCY LIMIT

2.1 Recombination Mechanisms in Silicon

Recombination and generation of electron hole pairs is a continuous process in
semiconductors, both optically and thermally. Thermodynamics defines that at equilibrium the
generation and recombination rates are balanced so that the net charge carrier density of the
semiconductor remains constant. The resulting probability of occupation of energy states in
each energy band is given by Fermi—Dirac statistics.

An electron recombines with a hole and the energy is either released in the form of heat or
light. The fundamental recombination mechanisms in crystalline silicon are:

e Radiative recombination

e Auger recombination
which cannot be mitigated by improving the material quality of Silicon or by optimizing the
processing steps to fabricate a solar cell. In addition to these, we have defect assisted
recombination in silicon

e Recombination due to traps/defects in the bulk

e Surface recombination

Trap assisted recombination in the bulk of the material can be greatly reduced by
controlling the concentration of impurities in the silicon ingot or by reducing the thickness of
the silicon wafer. Surface recombination, due to dangling bonds at the silicon surface, is
generally reduced by the deposition of a surface passivation layer which deactivates the

recombination-active defects due to the disruption of the material crystallinity. Reducing these

13



two recombination rates is one of the major challenges for improving the device characteristics
of the SHJ solar cell.

When there is an excess of carriers the rate of recombination becomes greater than the
rate of generation, driving the system back towards equilibrium. Carrier lifetime is defined as
the average time it takes for a minority carrier to recombine and is the ratio of excess charge
carrier density (d#) and the net recombination rate (R). The effective lifetime (Tefr) of a
charge carrier is derived from the recombination processes listed above, which depend mainly
on the nature and quality of the semiconductor (direct versus indirect band gap), doping level,

and cell irradiance, and can be generally expressed as:

1=1+ 1 +L+

1
Teff TRad TAuger Tta Ts

M
where Tgyger, TrRad, Tta 20d Ts ate the carrier lifetimes associated with Auger, Radiative, trap-

assisted and surface recombination.
2.1.1 Radiative Recombination

Radiative recombination is a dominant mechanism observed in direct bandgap
semiconductors. It is essentially the opposite process of photon absorption in which the
energy of an electron-hole pair is lost as a photon of the same energy, figure 6. For silicon
solar cells, which is an indirect bandgap semiconductor, a phonon is required in the radiative
recombination process which makes it less probable to happen compared to the other
recombination mechanisms. The recombination rate (R,qq) is directly proportional to the

density of the free holes times free electrons and is given by:

Ryqa = B(np —nopo) = B(np — nfofs) ©)
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where B is the coefficient of radiative recombination, ng and pg are the hole and electron
density respectively in thermal equilibrium and n; ¢¢f is the effective intrinsic carrier density.
n and p is the total carrier density in the non-equilibrium state and is given by:

np = (no + An)(po + Ap) 3)
where An and Ap is the electron and hole excess carrier density. Considering charge neutrality

(An = Ap), the Tgqq is then given by

An _ An _ 1
Rraa  B((no+An)(po+Ap)-n?)  B(ng+po+An)

TRad =

4)
2.1.2 Auger Recombination

Auger recombination refers to a process involving three particles. In this mechanism an
electron-hole pair recombine, and the energy generated is either transferred to an electron (ech
process) or a hole (ehh process), figure 6. The excess energy transferred to the particle is
released as heat in the lattice (phonon) to achieve equilibrium. The Auger recombination rate
Ry ger can be expressed as:

RAuger = Cp (npz - niz,effpo) + Cn(nzp - niz,effno) ®)
where €}, and €y, are the Auger coefficients for ehh and ech processes respectively. Because
R4y ger is dependant on the cube of carrier concentration, it should become performance-
limiting at high carrier injection rates. For high injection levels, where An >> Ny, T4y ger can

be approximated to:

1
TAugerhi = G roonme ©)
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1

And for low injection levels, where AK Ny, Taygern = N
nNg

for n-type silicon and

Taugerli = ﬁ for p-type silicon

This traditional Auger theory is in good agreement with measured lifetimes of highly doped
silicon (Ng >5%10" cm™). For lower dopant concentrations, however, the predicted lifetimes
significantly exceed the measured lifetimes.

A more recent recombination model is described below to present a more consistent
picture of Auger recombination which is valid for all carrier densities [20]. It is based on the
inclusion of the Coulomb attraction and repulsion, respectively, of electrons and holes and of
electrons and electrons in calculating the Auger recombination rate. Further assessment by P.
Altermat et al. [27] and Richter et al. [28] led to a better parametrization, which includes the
radiative recombination component, and provides excellent accuracy to describe the upper
limit of the minority carrier lifetime in crystalline silicon for a wide range of dopant densities,
as well as a broad range of carrier injection levels. This parameterization also includes the more
extensive model for band gap narrowing (BGN) that was published by Schenk in 1998 [29].
Its derivation is based on quantum mechanics and it accounts for dopant concentrations,

carrier concentrations, and temperature.

The fundamental lifetime is given by:

An An An An

+ =
Tfund  TAuger  TRad (np—nzeff)(Z.SX10_3lgeehn0+8.5x10_3zgehhp0+3x10_29An0-92)

An
(np—nzeff) (BretBrow)

)

with the enhancement factors

N 0,eeh

0.66
Jeen(ng) =1+ 13 {1 — tanh I( flo ) l} (8)
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0.63
and gehh(po) =1+75 {1 — tanh l(Np_O) l} (9)

0,ehh
and Nyeen = 3.3 X 107cm™ and Nyepp =7 X 107cm™ and By, is the radiative
recombination coefficient for lowly doped and lowly injected silicon, 4.73 X 10" cm’ s~ [30]

and B, is the relative radiative recombination coefficient [31], all derived for a temperature

of 300 K.
2.1.3 Trap-Assisted Recombination in the Bulk

Trap-assisted recombination, in the bulk mainly occurs due to the presence of defects in
the material which give rise to defect levels. An electron in transition between the valence and
conduction band encounters a defect energy state in the forbidden region. A hole can then
recombine with the electron at this level before the electron moves up into the conduction
band, figure 6. The analysis of the dynamics involved in this process, the recombination rate
involved with traps is dependent on the volume density of trapping defects and the energy of
the trapping level and is given by:

np—niz.eff

Tno (Po+P1+AN) + Tpo (No+n1+AnN)

Ria = (10)

where ngy and pg are the equilibrium concentration of electrons and holes respectively, and
Tno and Tpg are lifetime parameters (for holes and electrons respectively) whose values
depend on the type of trap and the volume density of trapping defects. The quantities n; and
py are parameters that introduce the dependency of the recombination rate on the trapping

energy level (defect energy level) E; as shown below:

ny = Nyel"a) (11)
p = Nye ) (12)
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Figure 6: Schematic Illustration of the Different Recombination Mechanisms in Silicon Solar
Cells - Radiative Recombination, Auger Recombination and Trap-Assisted Recombination

E. and E,, are the energies of the conduction and the valence band edge, respectively, and N,
and N,, are the effective densities of states in the conduction and the valence band respectively.

The time constants T, and Tjq for the capture of electrons and holes in the trap state is given

by Tpo = and Tp¢ = , where N; is the defect concentration and d;, and gy, is

Neonven Neopven
the capture cross sections for electrons and holes respectively. The rate at which either carrier
moves into a defect energy level is dependent on the difference of that level from either of the
band edges. If the trap energy is close to either band edge, recombination is less likely as the
carrier is likely to be re-emitted to the band edges rather than recombining. Therefore, trap
energy levels near mid-gap act as very effective recombination centers. This can be modeled
by using E; = (E, — E;)/2 which leads to reduction of equation (11) and (12) to ny =

P1 = Njefs. The trap assisted effective lifetime for a mid-gap defect is given by:

I = An _ An(Tno (Po+Dieff+An) + Tpo (no+n;epp+An))
ta ™ Ria np—nl?,eff

(13)
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2.1.4 Surface Recombination

There is an abundance of defect levels at the surface of a semiconductor as the crystal
lattice ends abruptly leading to surface dangling bonds. Large densities of surface states are
continuously distributed in the forbidden gap. Similar to recombination statistics via a defect
energy level in the bulk, the recombination rate at the surface can be expressed by the same.
Since we have a large distribution of defect states spread over the band gap, the surface
recombination rate for a particular energy level (R(E)s) can be expressed as:

(nsps—n?)dE
Tnos @s*+P1(E)) + Tpos (Nstny(E))

R(E)s = (14)

1 1

whete Tpgs = —— , Tpgs = ————
n0S ™ D (B)anven * PO T Dy(E)opven

, Di¢ (E) is the defect energy dependent interface

defect density and, ng and ps are the carrier concentrations at the surface. The total surface
recombination (Rg) rate can be further reduced and expressed as an integral according to the
equation:

_ 2 Ey Dit(E)dE
Rs = vgp(ngps — 1) fEC (Ps+p1(B) . (ng+11(E)) (15)

on ap

The surface acts as a localized region of low carrier concentration which causes the carriers
from the surrounding higher concentration regions to flow into this region. The surface
recombination rate is thus limited by the rate at which minority carriers move towards the
surface as expressed above. Generally, a parameter called the surface recombination velocity
(Seff), expressed in cm/s is used to specify the recombination at a surface and can be

expressed as follows:

_Rs _ 1 (Ey Dit(E)dE
Serf =1 = 3 J5. Gy Citot®) (16)
Sn Sp
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where N and Poe is the total density of electrons (holes) at the interface, and Sp, and S, are
the energy dependent Sef ¢ for holes and electrons, respectively.

An alternative to Seff is the use of a term called surface saturation current density (Jos)
introduced by Mcintosh et al. [32] which is analogous to the emitter saturation current density

(Joe) term used to model heavily doped emitters of diffused junction solar cells [33]. The

surface recombination current is determined by:

]Surface,rec = Jos ( msPs 1) (17)

NosPos

where ng and pg are the concentration of electrons and holes at the surface in steady state

conditions and nys and n; o ¢ Pos are the concentrations at equilibrium. As an approximation

we assume NysPos = niz,eff- Similar to trap-assisted recombination statistics Jog can be

determined for a single defect level as:

2
Jos = ppr e (18)

s = ps+l71+"s+n1
Sno Spo

where Spo and Spo ate the surface recombination velocity parameters given by Spo =

(Et—EC) (Ev—Et) )
Dit0n Ve and Spo = Dt Op Uy and Ny = Njeprel kT Jand p; = Nyerre’ kT J for a single

defect energy level as described previously. The surface recombination rate can also be derived

using Jos in the form of the diode equation as:
v
aWRs = Jos [exp (3¢) - 1] (19)
where Vj is the voltage bias. V; = k:—T, where kj, is the Boltzmann constant and T is the

temperature. Voltage bias or excess carrier density can be used as the parameter to vary to
determine the effective minority carrier lifetime. To extract the excess carrier density An we

vary the voltage bias parameter V by the equation:
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v
np = (ny + An)(p, + Ap) = nﬁeffexp (Zb—;‘f) (20)

For n-type silicon wafer ng = Np and py = nﬁe £r/Np. My is calculated by the equation:

AE
Nieff = Nio€Xp (ZkbgT) 2h
where n; ¢ is intrinsic carrier concentration for Si at 300 K given by Altermatt et al. [34] and
AEj is the band gap narrowing derived according to Schenk [29]. This relation is solved

iteratively, by varying voltage step by step, to determine An (V,ngy,p,) and the corresponding
radiative, auger, trap assisted and surface recombination rates according to equations (7), (13)
and (19). Minority carrier lifetime can also be modeled similatly using the equations described

in the above sections for varying excess carrier density as:

1 An An An An

(22)

Teff " RRad Rauger  Rta  Rs

A comparison of the calculated minority carrier lifetime vs excess carrier density for two
different wafer thicknesses, of 170 um and 40 um is illustrated in figure 7. The comparison is
done by calculating the minority carrier lifetime for these two different substrate thicknesses
by keeping the same bulk and surface recombination properties by keeping certain parameters
constant. The fundamental lifetime is given by the black solid line in figure 7. The trap assisted
recombination lifetime is obtained by setting the electron and hole capture lifetimes 7,9 =
Tpo = 10 ms in equation (13) so that the wafers with two different thicknesses have the same
bulk characteristics. Minority carrier lifetime due to surface recombination is calculated by
setting Jos = 1 fA/cm™ As a result of the dependence of the total recombination rate on

substrate thickness, the structure with a thickness of 40 um thickness shows higher effect of
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Figure 7: Effective Minority-carrier Lifetime of N-type Silicon Wafers of 170 pm and 40 pm
Thickness, Trap-Assisted Lifetime of 10 ms and Bulk Resistivity of 3.55 Q cm (1.3 x 10" em®
’ dopant concentration), and Total Jos (from both surfaces) of 1 fA cm™ Each Curve on the
Plot Corresponds to a Different Recombination Mechanism as Mentioned in the Legend. The
Color Bar Represents the Fraction of Fundamental (Auger + Radiative) Recombination. The
Markers in the Color Bar Indicate the Fundamental Recombination Fraction at Maximum

Power and Open-circuit Injections, Details of Which Will Be Discussed in Chapter 4.

surface recombination on the total recombination rate than the one with 170 um. The impact
of the surface is mainly observed at the maximum power point injection level, where the
fundamental recombination fraction, represented by the color bar in figure 7, becomes less

dominant.
2.2 Fundamental Efficiency Limit for Silicon

The maximum efficiency of silicon solar cells limited by the fundamental recombination

properties of silicon was modeled by Richter et al. [35] The main variations in the work of
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Richter et al. compared to the work of Kerr et al. [30] are the introduction of the new solar
spectrum, updated optical properties of silicon, new parameters for free carrier absorption,
improved parameterization of radiative and Auger recombination and also the effect of BGN.
The general approach of modeling ideal silicon solar cell efficiency limits is to assume cells
without surface and defect recombination, ideal front-side antireflection coating and ideal rear
reflecting surfaces leading to no absorption or transmission losses [35]—[39]. The current
density of an ideal silicon solar cell can be expressed as:

J =Jon = Jrec (23)
where Jpp, is the photogenerated cutrent density, [y is the recombination current density and
for an ideal solar cell with the assumptions described in the above sections and considering no
recombination from bulk and surface, /.. can be expressed as

Jrec = AW Rgyna (24)
where @ is the electronic charge, W is the thickness, and Rpyng = An/Tryng under the
assumption of a narrow base, details of which are derived by Green [37].

Jpn for a particular thickness of silicon and for AM1.5G spectrum can be determined using
the analytical solutions for the Lambertian light trapping scheme described by Green [40].
Richter et al. in their work for assessing the efficiency limit of silicon [35] also included free
carrier absorption into account, as weakly absorbed sub-bandgap photons have a certain
probability of being absorbed free carriers [38], to calculate the maximum possible J,p. A
phenomenon called photon recycling was also incorporated in as each radiative recombination
event that generates a photon, has a probability of being reabsorbed by band-to-band

transitions in case of very effective light-trapping [36]. Maximum efficiency can be calculated
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from the expressions listed above by solving for the maximum power point which will
determine the Fill Factor (FF) and Voc and Jscare calculated when J=0 and V=0, respectively.
Applying these modeling parameters a maximum theoretical efficiency of 29.43% for a 110-
um-thick cell made of undoped Si was calculated by Richter et al.[34]. The variation of
efficiency limit of n-type silicon with respect to its thickness and doping concentration can be

seen in figure 7.
2.3 Efficiency Limit of Solar Grade Silicon Wafers
2.3.1 Trap-Assisted and Surface Recombination

Monocrystalline silicon wafers (mono c-Si) used for fabricating silicon solar cells are
manufactured using the Czochralski (CZ) technology. As silicon growth technology keeps

improving the number of defects present in silicon wafers can be reduced which will lead to
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lower trap assisted recombination rates. A record 225 ms minority carrier lifetime has already
been reported on an n-type float zone (FZ) silicon wafer [41]. The contribution of trap assisted
recombination to the total recombination can also be reduced by decreasing the wafer
thickness. For calculating the limiting efficiency for commercially viable solar-grade silicon we
set the electron and hole capture lifetime Tp9 = Tpg = 10 ms respectively in the trap assisted
recombination equation that was described in equation (13). The recombination current for

a particular thickness can be calculated as

A
]ta,rec =qWRi, = qW_n (25)

Tta
where T4 is the trap assisted minority carrier lifetime. As detailed in the previous sections the

surface recombination current can be modeled by defining a parameter called surface
recombination velocity (Sefr):

]Surface,rec = qSeffAnd (20)
where Ang is the excess cartier concentration near the surface. The recombination current can

also be re-written using equation (19) as:

1%
Jsiree = Jos [exp (3£) = 1] = awEs @7
The total effective recombination current in a silicon solar cell can now be described as the

sum of all the recombination currents discussed above:

Jrec = qW(Rfund + Riq + Rs) (28)
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The total recombination for a particular voltage bias can be solved using the above equation.
The maximum power point is obtained by iteratively solving for Ppq, = max (J * V) which
also gives us the efficiency of the solar cell. Figure 9 shows the conversion efficiency of silicon
solar cells using n-type Si solar wafers and bulk resistivity of 3.55 Q cm (1.3 x 10" cm” dopant
concentration) with varying surface saturation current density. Here Jog is the total
contribution from both front and back sides of the silicon wafer. For the n-type solar cells the
optimum thickness is 100 to 110 pm when trap assisted recombination is excluded and 40 to
60 um when it is included, for obtaining the highest power conversion efficiencies with
Jos<0.2 fA/cm™ [42]. Ultra-high surface passivation improvement is the key to achieve high

conversion efficiency using solar-grade silicon substrates.
1000
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Figure 9: Conversion Efficiency of N-type Si Solar Cells ,with Bulk Lifetime of 10 ms, as a
Function of Wafer Thickness and Jos. The Dashed Lines Consider Only Surface
Recombination, and Auger and Radiative Recombination in the Bulk. The Solid Lines (and
the Color Map) Consider All Recombination Mechanisms, Including Bulk Lifetime. The
Generation Current Is Defined by the Lambertian Light-trapping Limit for Each Thickness,
Assuming the AM1.5g Spectrum at 25°C and Normalized to an Illumination Intensity Of

0.100 W em™. [37]
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3. PROCESSING AND CHARACTERIZATION

3.1 Device Processing

All the process development work for the fabrication of thin SHJ cells were done at Solar
Power Lab, Arizona State University. The main fabrication steps can be divided into five broad
sections as depicted in figure 10. SH] samples were fabricated on n-type CZ wafers, with a
starting thickness of 200 um, bulk resistivity between 2 to 4 £-cm and <100> orientation.
The wafers were thinned to different thicknesses from 180 to 40 pm using potassium
hydroxide (KOH) solution. The samples were textured using alkaline wet etching (IKOH and
GP Solar additive), followed by an acidic cleaning process [43]. The total wet chemical process
involves six steps and the recipes of the chemical solutions prepared, temperature and time
are provided in table 2. Each wet chemical process is followed by rinsing the samples in de-
ionized (DI) water until the resistivity of the water reaches 9 MQ. This step is extremely
important to make sure that contaminants are completely rinsed to achieve good surface cleans
and avoid cross-contamination between the tanks. A high level of cleanliness of acid
hood/baths is required for achieving repeatable results. Each cassette can hold 25 silicon
samples, whereas only a maximum of 7-8 samples can be loaded for processing very thin
wafers (<80 um). Yield improvement was achieved by processing 3 to 4 lots of 8 silicon wafers

each in freshly prepared solutions according to the recipes provided in table 2.

Wet
chemical
processing

PECVD Sputtering Metallization v

Depositions TCO and Ag Characterization

Figure 10: Broad classification of processing steps involved in the fabrication of silicon

heterojunction solar cells.
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Table 2: Wet Chemical Processing Steps and Corresponding Recipes for Solutions.

Wet Temperature
chemical Purpose Recipe for solution o per
(°C), time
process
1. Saw .
Thinning of 15.14L of 45% KOH + 3.785L of .
damage 80, variable
wafers H,O
removal
. Introducing 18L of H.0 + 800 ml of 45% .
2. Texturing 0 qom pyramids ~ KOH, 50 ml of GP solar additive 00> 20+ min
3.RCA-B  Metal ionic clean l?'ZL Ho0 +2.2L of HCI+ 221 2 10 min
4. Dilute HF  Oxide removal 400ml of 45% HF + 10L of H,O  RT, 10 min
. Oxidation of 15.142L of 95% H,SO, + 3.785 L. :
5. Piranha organic 110, 10 min
. Of Hzo
contaminants
6. Dilute HF  Oxide removal 400ml of 45% HF + 10L of H.O RT, 10 min

RT — indicates room temperature between 20 to 21 °C

After going through all the processing steps listed in table 2, the wafers are immediately
transferred to a three-chamber plasma enhanced chemical vapor deposition (PECVD) cluster
tool called P-5000 manufactured by Applied Materials for deposition. PECVD tool is used to
deposit 6-15 nm thick intrinsic and n-/p-doped hydrogenated amorphous silicon (n-/p-/i-)
(a-Si:H) layers, forming a p-i/c-Si/i-n stack. Immediate transfer to the tool is necessary to
avold native oxide formation and achieve high quality surface passivation. The p-i stack was
first deposited on one side of the wafer followed by the i-n stack on the other side. The
intrinsic a-Si:H was treated with an in-situ hydrogen plasma to improve the chemical
passivation [44]. To improve the passivation properties of the intrinsic a-Si:H layer, we varied
the PECVD susceptor temperatures and silane (SiHi)-to-hydrogen (H») dilution ratios.

PECVD is one of the most, if not the most, critical step for achieving good surface passivation
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and high-performance devices. The details of these experiments are provided in the next
chapter. The doped a-Si:H layers deposition parameters (susceptor temperature and gas flows)
were also varied in certain devices to achieve better device efficiencies by controlling the
doping level of the layers. PECVD tool is also used at SPL to deposit silicon nitride (SiNy),
silicon oxide (Si0y), and other dielectric layers. The robot arm of the PECVD tool which
handles the silicon wafers is vacuum operated and can lead to the breakage of wafers below
120 um. This was overcome by designing SiN; coated carriers that hold the wafers to be

deposited and thus improve the yield of the SHJ devices.

Indium tin oxide (ITO) was deposited on both front and rear surfaces using a DC
sputtering technique. The MRC 944 sputter tool can be used to deposit many dielectrics, metal
films, and conductive oxides. Thin film depositions are performed by accelerating argon ions
of an argon-oxygen mixture onto the surface of a sputter target, which is made of the material
to be deposited onto the sample, mainly ITO and silver (Ag) in this study. ITO layers were
optimized both electrically and optically to achieve better device efficiencies. The details of
these experiments are provided in further chapters. The placement of thin wafers on the pallet
used in the sputtering tool damages the underlying a-Si layers leading to a loss in surface
passivation. This is overcome by placing the samples on a metal frame which provides a gap
between the pallet and the samples to be deposited. This is also critical to improve yield and
achieve repeatable results. A silver contact, also acting as a reflective mirror, was sputtered on
the rear side of the SHJ solar cell. To mitigate the parasitic absorption of the front ITO layer,
silicon oxide (SiOy) layer was deposited by PECVD. This leads to an enhancement in the short
circuit current density (Jsc) of the devices. As shown in figure 11, two different anti-reflective

coatings (ARC) were fabricated. Front metal contacts were screen printed with the silver paste
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Figure 11: Ilustration of SHJ Solar Cells Fabricated with Two Different ARC Structures:
a) ITO and b) SiO, and ITO Stack.

using the Baccini tool. The Baccini tool is an integrated, fully automated line for crystalline
silicon PV cell production designed and manufactured by Applied Materials. The bulk
conductivity of the paste used to form front metal contacts is limited by the conductivity of
the polymer material present in it. The screen-printed cells were cured for 30 mins at 200 °C

in a muffle furnace and ambient air conditions.

3.2 Characterization Tools

A Photoconductance decay tool (WCT-120) is used to measure the minority carrier
lifetimes of semiconductor materials by implementing the photoconductance technique [39].
This tool is a contactless technique to measure current-voltage characteristics and was
developed by Sinton in 1996. This measurement tool is extensively used in this thesis for the
characterization of the minority carrier lifetime of various silicon samples. The tool measures
Tefr by exposing the samples to a flash of light produced by a xenon flash lamp. The flash

generates excess carriers in the sample which recombine until equilibrium. The
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Figure 12: The Thickness of the Wafers Was Measured after Texturing, at Five Different
Points, Using a Digital Thickness Gauge with 1 pum Resolution. Photo Shows the

Measurement Tool.

photogenerated excess electron and hole densities also increase the conductivity of the sample.
An RF coil in the tool, directly underneath the sample, measures the decay of these charge
carriers by measuring the change in photoconductivity. The excess photoconductance is given

by:

o, = qWAng, (U, + ”p) (29)
whete oy, is the light generated conductance, W is the sample thickness, Ang,, is the average
excess minority carrier density. A generalized way to determine the effective lifetime can be

derived from the continuity equation as given by [45] as follows:

An(t)

T = —
eff G(t)_dA:t(t)

(30)

Where An(t) is measured by the change in conductance as desctibed above and the

generation rate, G (t), is measured by a reference cell in the tool. All the measurements in this
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work were done using transient measurements where the incident flash duration is less than
0.2ms which is much shorter than the excess carrier decay lifetime (1-10 ms). In the transient
measurement case, the generation rate is neglected to determine the excess minority carrier
lifetime. Further parameters such as implied open-circuit voltage (iVoc), implied FF (iFF) and
surface saturation current density (Jos) can be derived from the photoconductance decay

measurement. Implied open circuit voltage is given by:

4 31)

Voc = “In (—(A” +Nap)» “")

The total surface saturation current density (Jos) is estimated from a linear fit to the Auger-
corrected (T op) inverse effective minority carrier lifetime data as a function of excess cattier

density, where An >> Ny p, as follows:

- = 2 (32
Tcorr  Teff Tfund  Thulk  qW n;

1 1 1 1 2Jos (An+ Nap
—
l

Suns-Voc Tool

Lifetime tester

Figure 13: Photo of the WCT-0336 Photoconductance Measurement Tool on the Left and

the Suns-Voc Measurement Tool next to It as Setup in SPL.
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To determine Jyg accurately will require using an effective intrinsic carrier density, which is

a function of band gap narrowing provided by the Schenk band gap narrowing model

described in [29].

A photoluminescence (PL) imaging tool can be used for spatially resolved characterization
of effective minority carrier lifetime in silicon samples was well established by Trupke et al
[46]. The silicon samples are illuminated by a light source and the generated photoluminescent
signal due to radiative recombination is detected by an infra-red camera. The measured PL
signal is proportional to the rate of spontaneous emission, which is proportional to the excess
carrier density and the net background doping of the sample. It is also inversely proportional
to defect density and impurity concentration. PL tool can also be used as an inline process
monitoring tool as it provides fast spatial imaging of silicon samples, can measure solar wafers
at any stage of processing, and can forecast the resulting cell efficiency. Similar to the PL tool,
the electroluminescence (EL) tool can be used for the spatial characterization of metalized

SHJ samples. In this technique instead of charge carriers generated by a light source, the solar

Figure 14: Photo of the PL and EL Characterization System at SPL
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cell is forward biased using a power supply and subsequently, an IR camera is used to detect
the emitted photons. PL and EL have been extensively used to generate spatial maps of series
resistance [47], shunt resistance [48], [49], defect detection [50], [51], dark saturation current

[52], [53] and minority carrier diffusion lengths [54], [55] and local efficiency mapping [506].

A flash tester (FCT-450), developed by Sinton Instruments, was used to measure the
current-voltage (I-V) characteristics of all the SHJ solar cells in this thesis, figure 15. The tester
has a xenon flash bulb that produces a spectrum very close to AM1.5 G. The tester is calibrated
by Sinton instruments and later in this study a screen printed cell was measured at NREL to

verify this calibration. The flash tester provides the short circuit current density (Jsc), open-

circuit voltage (Voc), Fill factor (FF), and efficiency (1). The tool is supplemented with the

r
P Implied 1-V curve of cell
. Losses =» Losses
E I-V curve of cell
-Sinton -] Implied
instruments o
FCT-450 - Ve
=
g
=
3
Power
i-Vae (V)
w
Voltage T
Losses

Figure 15: (Left) Photo of FCT-450 Instrument Used to Measure the I-V Characteristics of
the SHJ Solar Cells Fabricated in This Study. (right) Example of the I-V Curve Measured by
the System. Blue Curve Represents the Pseudo I-V Cutrve Measured by the Suns-Voc System.

Black Curve Represents the I-V curve, and the Red Curve Represents the Power Curve of

the SHJ Solar Cell.
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Suns-Voc analysis which provides the pseudo I-V characteristics using which we can precisely
measure the series (R;) and shunt resistance (Rg) of the solar cell and indicate the source of
power losses. The slope of the I-V curve at low voltages provides the shunt resistance of the
solar cell. Series resistance can be extracted by comparing the pseudo I-V curve to the actual
I-V curve [57]. The tool can also provide measurements of saturation current density (Jo), bulk
lifetime, lifetime at maximum power, substrate doping concentration and I-V characteristics

at multiple intensities.

The Quantum efficiency of the solar cell is measured by the QEX10 tool, figure 16. The
Quantum efficiency of a solar cell is defined as the ratio of the number of carriers collected by
the solar cell to the number of photons of any given energy incident on the solar cell. All QE
curves reported in this thesis are obtained after the metallization of the front and back of the
SHJ solar cells. The incident light beam of the tool is focused in between two metal fingers

and close to the metal busbar of the cell for optimum current collection. Reflectance

Figure 16: Photo of QEX10 Quantum Efficiency Measurement Tool
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measurement can also be performed using this tool and was frequently used to optimize the

anti-reflective coatings on the front of the SHJ samples.

Ellipsometry is a characterization technique that measures the change in polarization of
incident light by the reflection from a sample. A variable angle spectroscopic ellipsometer
(VASE) developed by J.A. Woollam ellipsometry solutions, was used to measure the thickness
and optical constants of various thin films and also the thickness uniformity across a sample
[58]. The raw ellipsometry data provides the amplitude component and the phase difference
component of the reflected incident wave. To obtain this the measurement was done in the
wavelength range of 300-1100 nm and at three different incident angles: 70, 75 and 80 degrees.
The data was fitted to obtain various thin film characteristics by building the optical models

using the Complete EASE program developed by J.A. Woollam.

Fourier transform infrared spectroscopy was used to measure the material properties of
thin intrinsic a-Si layers which were deposited on polished silicon substrates. The transmission
infrared spectroscopy technique was used to measure the sample. The sample is placed directly
into the infrared (IR) beam and as the IR beam passes through the sample, the transmitted
energy is measured. An absorption spectrum is generated by calibrating the tool with a
polished silicon substrate that has no layer deposited on it. The integrated intensity of the
absorption peaks can be used to determine the microstructure fraction and hydrogen content

in the intrinsic a-Si layers as given by the equation:

Ii _ fa(w)dw (33)

w
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3.3 Process Control and Characterization

The photoluminescence tool can be used as an inline process monitoring tool to detect bad
surface cleans that have led to areas of high surface recombination on the surface of the silicon
samples. Wafers that have undergone any phase in the wet chemical processing steps described
in table 2 can be dipped in an HF solution to generate an empirical image of the effective
carrier lifetime, figure 17. Surface recombination velocity of silicon and germanium surfaces
dipped in various acids was explored by Yablonovitch et al and they found HF solution to
provide the least surface recombination velocity [59]. Subsequent infrared spectroscopy done
shows that the surface was covered with covalent silicon-hydrogen (Si-H) bonds leaving no
surface dangling bonds as recombination centers [59]. Characteristic and recurring defects are
observed in PL images of wafers that have undergone saw damage removal and texturing,

even after subsequent RCA-B and Piranha wet chemical cleaning, figure 17.

Figure 17: Photoluminescence Images of Silicon Samples after Chemical Process (a) Saw
Damage Removal and Texturing. (b) after RCAB Clean. (c) after Piranha Clean. PL. Can Be
Used as an Inline Process Monitoring Tool to Obtain an Empirical Value for the Effective
Minority Carrier Lifetime. Images Taken with Samples Dipped in Dilute HF Solution.
Bulk/Handling Defects Can Be Seen in the Bottom Right Corner of the Samples. The Camera

Settings like Gain, Exposure Time, and Pixel Binning Are Kept Constant Between Images.

37



Figure 18: (Left) Photoluminescence Image of Defect Rich Sample Used for SEM Analysis.
(Right) (a) Non-etched Silicon Particles (b) Damage on Deposited a-Si Layers (c) Various
Debris Particles (d) Damaged Pyramids Seen on c-Si

Various kinds of defects, figure 18 are observed on c-Si wafers as seen in the SEM images.
User handling of the wafers, the use of carriers for deposition of a-Si layers in the PECVD
tool, and other uncontrollable processing variables play a major role in creating these areas of

high recombination.

The PECVD deposition chambers must be cleaned and conditioned before the deposition
of the a-Si layers to avoid debris particles on the surface of the wafer. Routine process control
measurements to study the deposition rates of a-Si layers were performed by using VASE,
Figure 19. Nine-point uniformity measurements of amorphous silicon films deposited without
a hydrogen plasma etch step were also generated using VASE throughout this thesis. As can
be seen in figure 19, the deposition range and the sample uniformity alters frequently
compatred to the baseline measurement taken on 9/15/17. These changes might be
attributable to wafer-to-wafer repeatability, the way the carrier wafer lands in the susceptor

pocket, the regular change of hydrogen cylinders for the P-5000, or some other factor that is
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Figure 19: Intrinsic a-Si Layer Thickness vs Deposition Times Taken on: (Left) Three

Different Chambers (Right) Different Occasions - and Compared to the Historic Data Taken

on 9/15/17.

not yet determined. Contour maps generated using the VASE data indicate that a non-

uniformity of only 3.4% exists on the baseline sample, figure 20 (left). The non-uniformity of

a sample from 8/23/18 was very high at 13%, figure 20, (right). Nine-point uniformity

measurements of p-type a-Si layers exhibited an average non-uniformity around 10.5 % and

the n-type a-Si layers had an average of 22.7%.
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Figure 20: Contour Map of a-Si Layer Deposited in Chamber
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Figure 21: (Left) Sheet Resistance of Different I'TO Layers of the Same Thickness as a
Function of Oxygen Percentage Used During the Plasma Sputtering Process. This Was
Measured Using Four-point Probe (FPP). (Right) Thickness of ITO Layers as a Function of
Various Plasma Power and Scanning Speed of the Pallet Used for Deposition. The
Deposition Was Carried on Polished Silicon Substrates and Thickness Was Measured Using
VASE.

The deposition of the ITO layer must also be constantly monitored as it acts both as a
conductive layer and an anti-reflective coating. The electrical and optical response of ITO
thin films deposited using different conditions were measured. A sheet resistance of 60 Q/sq
for the frontside ITO and 220 Q/sq for the backside ITO was targeted for various deposition
conditions, figure 21. The thickness and deposition rate of ITO thin films deposited using
different plasma power was measured using VASE. The reflectance of the I'TO front surface
layer was measured using the QE tool. The plasma generated in the tool was relatively less
stable for very low-power density operation, which can lead to different microstructural,
electrical, and optical properties [60]. All the processing techniques described above have

parameters that are critical for the yield improvement of thin silicon wafers, some of which

are described in table 3.

40



Table 3: Description of Yield Problems for Various Processing Steps and the Solution

Developed to Overcome Them.

Process step

Problems for yield

Solution

Wet chemical

Wiafers sticking to each other

Spacing required between
placement of wafers in cassette

processing Breakage of wafers during transfer Avoid any agitation in solution
of cassette between solution tanks  while transferring cassette
Spin rinse dry Very low RPM (~500) and no N
gas flow
PECVD Tool robot arm (vacuum) Des~1gn of elevated SiN coated
carriers
Sputtering Pallet placement Use elevated carriers

Screen printing

Vacuum, Pressure and Speed

Use carriers, pressure below 60 N
and speed below 15 ipm
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4. SURFACE PASSIVATION BY AMORPHOUS SILICON

The efficiency of silicon solar cells continues to be limited by the recombination of
photogenerated electron-hole pairs. Various physical processes, like deposition of dielectric
layers, and chemical processes that are used to limit the surface recombination rate are
collectively termed surface passivation. Two main principal effects are used to achieve low
surface recombination rates; Chemical passivation is achieved by eliminating the surface
dangling bonds by the introduction of hydrogen or oxygen species and reduce the
recombination centers. Field-effect passivation is achieved by using a built-in electric field to
repel the generated carriers away from the surface and thereby preventing recombination at
the surface defects. This built-in electric field can be achieved by a doping profile below the
interface or by the presence of electrical charges at the interface [61]. Surface passivation is
one of the main factors limiting solar cell efficiency as described in chapter 2. In the past, we
have demonstrated open-circuit voltages over 760 mV and Jos below 1 fA/cm” on 50 um thick
SHJ structures [62]. Those structures were designed to maximize surface passivation and
voltage by using a thick (15 nm) intrinsic hydrogenated amorphous silicon (a-Si:H) layer on
non-textured surfaces. Both implied (iFF) and pseudo fill factors (pFF) were greater than 85%.
However, the use of a very thick intrinsic layer led to fill factors (FF) below 60%. Various
groups have reported intrinsic a-Si:H layers in the range of 5-7 nm thickness to deliver

efficiencies greater than 20% [63]—[65].

4.1  Plasma Chemistry and Growth Kinetics

Hydrogenated amorphous silicon (a-Si:H), which involves about 10 at% hydrogen in its

material structure, was shown to have a low dangling bond-defect density in 1975 [66] and
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also control the doping of p- or n-type material while growing the a-Si layer by Boron or
Phosphorus respectively. In contrast to diffused junction solar cells a-Si:H layer is deposited
using plasma enhanced chemical vapor deposition (PECVD) and needs only temperatures up
to 300 "C. The growth mechanism of a-Si:H from a silane (SiH; source gas molecule) plasma

has been investigated using a variety of process-diagnostic techniques [67].

Electron collision on monosilane (SiH4) molecules is the primary event in the plasma.
Electronically excited states of silane molecules are dissociative states, meaning that
spontaneous dissociation occurs from those electronically excited states to a variety of radicals

such as SiHs, SiH», SiH, Si, and H [66]. Various parameters, like deposition temperature,

t

(a) SiH3 05"*4 (b)

. . /
Surface Diffusion ) " 0 ,\/-\o “ Hydrogen abstraction

oS

Figure 22: Extracted from [66] - Surface Reaction Model of Radicals as Established by
Matsuda et a/. (a) SiH; Reaches the Film Growing Surface and Diffuses Along the Surface (b)
Surface Diffusing SiH; Abstracts Hydrogen Forming SiH4 and Leaving Behind Si-dangling
Bond (c) Another SiH; Radical Attaches to the Dangling Bond Forming Si-Si Bonds Leading
to Film Formation.
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pressure, frequency, gas flows, dilution ratios, plasma power, susceptor to showerhead
distance, control the electrical, optical, and structural properties of the intrinsic a-Si layer
deposited using the PECVD tool [66]-[68]. This work mainly concentrates on susceptor

temperature and silane to hydrogen dilution ratio.

During the deposition process, hydrogen radicals terminate Si dangling bonds which are
controlled by the amount of hydrogen gas in the plasma. Therefore, hydrogen dilution controls
the rate and density of hydrogen radicals terminating dangling bonds. Hydrogen dilution has
been demonstrated to result in materials with improved order [68]. Beyond a certain threshold,
the transition from amorphous to the microcrystalline phase takes place and the density of
defects starts to increase with increasing gas flow. Then, SiH; radicals rapidly diffuse across
the surface leading to hydrogen abstraction and the remnant dangling bond leads to
subsequent chemisorption of SiHj radicals, leading to the growth of the intrinsic a-Si layer.
Substrate temperature controls the rate of diffusion by providing kinetic energy to the SiH;
radicals and also controls the amount of density of defects present in the intrinsic a-Si layer
[66]—[68]. Low temperatures lead to greater defects due to the presence of voids and very high
temperatures lead to an increase in the number of vacancies [69]. Substrate temperature also
provides kinetic energy for breaking Si-H bonds — hydrogen effusion [66]. Thus, a balance
between ordered structure and hydrogen-terminated dangling bonds is needed for effective

surface passivation.

4.2 Impact of Susceptor Temperature and Silane-to-Hydrogen Dilution Ratio

A standard baseline deposition process for intrinsic a-Si:H baseline deposition process at

SPL is established where the PECVD susceptor temperature is 250 °C and silane-to-hydrogen
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dilution ratio is 20% [70]. A deposition temperature setpoint of 250 °C has been previously
reported to deliver an intrinsic layer with good passivation properties [71], [72]. Different
temperatures may be desirable as they impact the hydrogen content and microstructure of the
film [73], [74], which controls the passivation properties of the a-Si:H layer. In this study, we
used textured thin wafers (~40 um) as a testbed to increase the sensitivity to the surface
passivation. Distribution of effective minority carrier lifetime (left) and implied open-circuit
voltage (tVoc) (right) for depositions of intrinsic a-Si:H at different setpoint temperatures and
with a silane-to-hydrogen dilution ratio of 20% is plotted in figure 23. As the deposition rate

is temperature dependent, the deposition time was adjusted to achieve the same thickness of
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Figure 23: Effective Minority Carrier Lifetime and iVoc of 4222 um Thick Wafers as a
Function of Different Silane-to-Hydrogen (SiH4#H. ) Dilution Ratios for a Susceptor
Temperature of 275 °C. p-i and i-n a-Si:H Layers Were Deposited on These Wafers. Each
Data Point Represents an Average Effective Minority Carrier Lifetime and iVoc Obtained
From Two Wafers. The Dashed Lines are a Guidance to the Eye Obtained Using B-Spline
Smoothing Function to Fit the Data. The Average Thickness of a-Si:H Doesn’t Vary
Significantly Between Different Dilution Ratios. An Injection Level of 3x10" cm™ Represents

the Maximum Power Point for 42+2 um Thick Wafers.
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a-St:H (6 nm) for all samples. The average effective minority carrier lifetime is comparable for
250 °C and 275 °C, approximately 1.5 ms, but considerably lower for 300 °C, 0.6 ms. Lower
effective minority carrier lifetimes at 300 °C can be due to the amorphous-to-crystalline
transition of the a-Si:H layer at higher temperatures [72]. The wafer temperature is varied in
the PECVD tool by controlling the susceptor temperature. The temperature is measured on
the bottom of the susceptor, and the software incorporated in the tool and developed by the
PECVD manufacturer estimates the wafer temperature. For susceptor temperatures of 250
°C, 275 °C, and 300 °C, the estimated wafer temperatures are 233 °C, 244 °C, and 265 °C,
respectively. These wafer temperatures are within the range of optimum deposition

temperatures reported by other groups [71], [72], [75].
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Figure 24: Measured Effective Minority Cartier Lifetime (at 3x10" cm” Injection Level)
and Implied Open Circuit Voltage (iVoc) of p-i/c-Si/i-n Structures Deposited on 4212 um
Thick Wafers. The Deposition Temperature of the Intrinsic Layer was Varied by
Controlling the Susceptor Temperature. The Intrinsic Layer Thickness (6 nm) and Silane-
to-Hydrogen (SiH4:H») Dilution Ratio (20%) is Kept Constant for All Samples in This Plot.
The P and N Doped Layers Were the Same for All Samples. Ten Samples Were Measured

for Each Deposition Condition.
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The hydrogen content of the intrinsic a-Si:H layer is also controlled by the silane-to-
hydrogen dilution ratio during the deposition. The variation of effective minority carrier
lifetime and iVoc for different dilution ratios and a susceptor temperature of 275 °C is plotted
in figure 24. As the dilution ratio increases from 17.8% to 28.6%, the effective minority carrier
lifetime increases from 0.5 ms to 2.4 ms around the maximum power point injection level. A
further increase in the dilution ratio to 30.8% leads to about a 1 ms loss in the effective
minority carrier lifetime. The best effective minority carrier lifetime and iVoc were obtained
for a dilution ratio of 28.6%. For a 42£2 um thick wafer, we measured an effective minority

carrier lifetime and iVoc of 2.4 ms and 763 mV, respectively.
4.3 Uniformity of i-a-St Layer

Thickness uniformity of the intrinsic a-Si:H layer across the wafer area is a required

condition to deliver high efficiencies on commercial size SHJ solar cells. The thickness

a-Si thickness uniformity (A)
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Figure 25: Variation of a-Si Thickness Deposited on a 150 mm Polished Wafer for Two
Different Susceptor Temperatures Measured Using VASE. The Average Thickness is 6.5
nm for Both Deposition Conditions. The Non-Uniformity is 5.1% at 275 °C and 34.6% at

250 °C.
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uniformity of the a-Si:H films deposited at 250 °C and 275 °C were measured on 150 mm
polished wafers using variable angle spectroscopic ellipsometry (VASE). As shown in figure
25, the thickness uniformity improves when samples are deposited at 275 °C. The non-
uniformity, for the same intrinsic layer thickness, was 34.6% for samples deposited at 250 °C
and 5.1% for samples deposited at 275 °C. The deposition of the intrinsic a-Si:H layer is not
only controlled by temperature but also by multiple other parameters [76]. Previous studies on
gas-phase reaction and transport phenomenon for PECVD processes illustrate wafer
temperature regulation, within a range of 7 °C, along concentric zones have sizable impact
(>10%) on thickness uniformity [77]. Targeting very thin layers and creating abrupt junctions
to avoid epitaxial growth, leads to constraints in process parameters and usage of extremely
short deposition times, in the order of 5-7 seconds. Over this temporal range, seemingly subtle
differences in plasma ignition time and incipient plasma uniformity can have a sizable impact
on film reproducibility. The susceptor temperature of 275 °C was the condition that delivered

the best reproducibility and uniformity for the desirable film thickness, figure 25.

4.4 Implied Voltage Characteristics at Maximum Power and Open Circuit

A comparison of effective minority carrier lifetime between the baseline and optimized
processes is shown in figure 26. The difference in lifetime between the fundamental and the
experimental data decreases with increasing carrier density, indicating that the fundamental
recombination plays a larger role at open circuit than at maximum power injection. For 40 pm
thick samples, the optimized process shows voltage improvements of 20 mV at implied
maximum power (iVwp) and 5 mV at implied open circuit (iVoc). The implied fill factor (iFF)
improves over 1% absolute. The improvement of voltage at the maximum power is larger than

at open circuit, as surface recombination plays a larger role at maximum power [78].
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Figure 26: Comparison of 1. vs Minority Carrier Density on 4222 um Thick Wafers for
the Baseline and Optimized Process. iVoc and iVyp are Indicated as Seen in the Graph. The
Dashed Blue Line Represents the Fundamental (Auger and Radiative) Minority Carrier

Lifetime Limit Calculated According to Richter et. al Parameterization [23].

The content of hydrogen in the a-Si:H layer is one of the critical factors to achieve high
effective minority carrier lifetime [74]. Hydrogenation of silicon dangling bonds reduces the
density of defects at the interface leading to higher effective minority carrier lifetimes [74]. In
figure 27 we measure the hydrogen content and the microstructure fraction coefficient (R*)
[73] of the intrinsic a-Si:H films deposited at different susceptor temperatures using Fourier
transform infrared (FTIR) spectroscopy in transmission mode. The samples measured in
figure 27 were prepared by depositing 100-110 nm of intrinsic a-Si:H layer on single side
polished wafers. Similar thicknesses were achieved by controlling the deposition time for

different susceptor temperatures. The in-situ hydrogen plasma treatment parameters were kept



Silicon hydride (Si-H) bond vibrations have been extensively studied and determined to
have three characteristic absorptions: a wagging mode at 640 cm™, a bending scissor mode at
840-890 cm™, and a stretching mode between 1980-2160 cm™ [79]. Stretching modes can be
further divided into a low stretching mode (LSM) at 1980-2030 cm™ and a high stretching
mode (HSM) at 2060-2160 cm™ [79]. Previous results have shown the LSM to be associated
with monohydride (Si-H) bonds; similarly, the HSM is attributed to dihydride (Si-Hz) bonds

[80]. The total hydrogen content (C %) was obtained by the integration of the Si-H absorption
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Figure 27: Comparison of FTIR Spectra for Different Susceptor Temperatures in
Transmission Mode. The Solid Lines Represent the Absorbance. The Dashed Lines Indicate
the .SM Peak Fits Done Between 1900-2010 cm™. The Dotted Lines Indicate the HSM Peak
Fits Done Between 2090-2110 cm™. R* for Each Peak is Calculated According to [45]. Cu
is Calculated According to [53]. The Intrinsic a-Si:H Thickness of 110 nm and In-Situ
Hydrogen Plasma Time was Kept Constant for All Samples.
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peak at 640 cm™ [81]. An increase of the R* value has been correlated with a decrease in density
of the a-Si:H film due to the presence of vacancies and voids and hydrogen content as well
[69]. A high R* value has been also attributed to higher disorder in the film [69].

Higher susceptor temperatures show lower and broader HSM absorbance peaks (Figure 27)
resulting in lower R* values and more ordered films. However, higher temperatures also result
in lower hydrogen content. The passivation capability of the a-Si:H layer benefits from a more
ordered and hydrogen-rich film [74]. The a-Si:H shows better R* for the 275 °C process and
incorporates lesser hydrogen than films deposited at lower temperatures. From this point
further, the process to deposit films using a susceptor temperature of 275 °C and a dilution

ratio of 28.6% will be named as the optimized process.

4.6 Impact on Varying Substrate Thicknesses

To evaluate the benefits of the optimized process for different wafers thicknesses, we
manufactured p-i/c-Si/i-n structures on textured wafers with thicknesses between 40 and 175
um. Figure 28 shows how voltage is impacted by the two processes as the wafer thickness
changes. The fundamental limits of Voc and Ve were calculated using the method previously
described in [62]. In figure 28 the optimized process delivers higher iVyp and iVoc than the
baseline process, independent of the wafer thickness. At iVoc for the optimized process, the
fundamental recombination is the dominant contributor to the total recombination. As the
thickness of the wafer decreases the contribution of fundamental recombination decreases
whereas the contribution of surface recombination increases, resulting in a larger deviation
from the fundamental limit for thinner wafers (<80 um). At iVap, both trap assisted and

surface recombination play an important role. As we reduce the thickness of the wafer, the
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Figure 28: Comparison of iVoc and iVyp of the Optimized and Baseline Processes for
Textured Wafers of Different Thicknesses. The Solid Black and Red Lines Represent the
Fundamental Voc and Ve Limits. The Dashed Lines Indicate Logarithmic Fits to the
Data. Implied Voltages are Obtained for the Wafers Using the Sinton Lifetime Tester, After
Depositing i-p and i-n Layers on Them.
contribution of the surface to the total recombination increases, whereas the trap-assisited
recombination dectreases. As a result, the total contribution of these two recombination

mechanisms at iVup seems to balance each other for different wafer thicknesses. This will be

further explored by modeling the recombination fractions in the upcoming sections.

The total surface saturation current density (Jos) was estimated from a linear fit to the Auger-
corrected inverse effective minority carrier lifetime data as a function of excess carrier density
in the range of 8 x10"”and 1.3x10'° cm” [82]. Figure 29 shows the total Jos values using the two
processes for different wafer thicknesses. Average Jos of 0.6 fA/cm® was accomplished using
the optimized process. Previously [62], we demonstrated Jos close to 0.1 fA/cm® by depositing

a 15 nm thick layer of intrinsic a-Si:H on untextured wafers. The thick layer prevented us to
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obtain a fill factor (FF) greater than 60%. This work demonstrates similar levels of passivation
by using a layer that is more than two times thinner compared to previous work done at SPL
[62]. Moreover, all the Jos and implied voltage characteristics presented here are on textured
wafers which have a significantly higher density of defect states on the surface compared to
flat/non-textured wafers. We accomplished Jos below 1 fA/cm® and implied open-circuit
voltage (iVoc) of 764 mV on 40 um thick textured wafers by developing a 6 nm thick intrinsic

a-Si:H layer.

To better explain the above results, the effective minority carrier lifetime, Tesr, is modeled
into its component recombination mechanisms using equations (7), (13), and (19) described
in chapter 2. Each recombination fraction at a certain injection level is obtained by dividing

the individual recombination lifetime by the total effective lifetime.
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Figure 29: The Jos for Different Wafer Thickness for Optimized and Baseline Processes.
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Recombination fraction =

Teff
where i = Auger, Radiative, Trap assisted, Surface recombination lifetime. As a result of the
dependence of total recombination rate on substrate thickness, the structure with a thickness
of 40 um thickness shows a higher effect of surface recombination on the total recombination
rate than the one with 170 um. The impact of the surface recombination is mainly observed
at the maximum power point injection level. The fundamental recombination fraction (Auger
and radiative), represented by the colored bars in figure 30, becomes less dominant at open-
circuit (Voc). The fraction of fundamental recombination is close to 90% for the thicker and

the thinner wafer for a Jos=0.5 fA/cm’, figure 30 (a). This changes to close to 80% for the
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thicker wafer and 70% for the thinner wafer for a Jos=1.5 fA/cm?, figure 30 (b). The fraction
of the trap-assisted and surface recombination is only 10% for Jos=0.5 fA/cm’ and increases
to 20% for the thicker wafer and almost 30% for the thin wafer with an increase of 1 fA/cm?
in Jos. In contrast, at maximum power voltage (Vap), surface and trap-assisted recombination
have considerably higher impact, reducing the overall fraction of fundamental recombination
to nearly 60% for the thicker cell and thinner cell for a Jos=0.5 fA/cm?, figure 30(c). It can also
be seen that the fraction of the fundamental recombination is higher for the thinner one when
compared to the thinner one due to the improvement in surface saturation current density.
For Jos=1.5 fA/cm?, the fraction of the fundamental recombination is around 50% for the
thicker wafer and 40% for the thinner wafer, as shown in figure 30 (d). The total fraction of
the trap-assisted and surface recombination is greater than the fundamental recombination for
both the thick and thin wafer, figure 30(d). This is expected as the thick wafer is influenced by
the higher trap assisted recombination in the bulk whereas the reduction of surface passivation
influences the thinner wafer more significantly. There is a 22% decrease in the contribution of
surface recombination for the thinner wafer with a change in surface saturation current density
from 1.5 fA/cm® to 0.5 fA/cm” at Vi, figure 30(c) and (d). Although, only an 11% change is
observed for the thin wafer at Voc with the decrease Jos. This shows that surface recombination

improvements can lead to hicher Vyp gain than Voc ¢ain as seen in figure 28.
p g g g gu

4.7 Accuracy of Lifetime Measurements

Recent work by Black et. al [83] discusses how parameters extracted from lifetime
measurements, e.g. Jos and iVoc, can be incorrectly estimated when using an inductively
coupled photoconductance decay method [39]. The relative sensitivity of the inductive coil

used to measure the sample conductance appears to depend on the silicon wafer thickness. A
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linear relationship between the dark voltage measured by the coil and the sample conductance

measured by a four-point probe is a good indicator of lifetime measurement accuracy [83].

The variation of sheet conductance varies with excess carrier density and wafer thickness is
seen in figure 31(a). For wafer thicknesses between 20 to 160 um our experimental setup must
measure sheet conductance accurately between 0.005 S to 0.09 S. These values correspond to
the excess carrier densities of interest to measure the voltage at maximum power and open
circuit voltages. To estimate these excess carrier densities, we assumed the fundamental limit
of recombination. Samples with a wide range of sheet conductance values were manufactured.
Samples with sheet conductance between 0.003 to 0.005 S were manufactured by varying the

thickness of bare silicon wafers; for higher values of sheet conductance, we sputtered different
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Figure 31: (a) Variation of Sheet Conductance Calculated for N-type Silicon Wafers of
Different Thicknesses with a Base Doping of 1.5x10" cm” at Different Excess Carrier
Density. The Triangular Markers Represent The Sheet Conductance Calculated vs Excess
Carrier Density (An) of Wafers at Their Fundamental Vyp Limit and the Red Circular
Markers Represent the Same at Their Fundamental Voc Limit. (b) Sheet Conductance
Measured by Four-Point-Probe Versus Voltage Measured by the Inductive Coil of the
WCT-120 System Obtained Using Samples with Various Resistivities and Thicknesses.
56



film thicknesses of ITO and aluminum on glass slides. In Figure 31(b), we show that the dark
photovoltage measured by the lifetime testers has a linear relationship with the sheet
conductance measured using the four-point probe. This is a good indication that the

parameters derived from the lifetime measurements are accurate.
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5. SHJ SOLAR CELL DEVICE RESULTS
5.1  Baseline vs optimized Process

SHJ solar cells were manufactured using the two intrinsic layers previously described in
chapter 4. The I-V characteristics are shown in figure 32. All I-V parameters improved by
using the deposition conditions for the intrinsic a-Si:H layer that was described in the previous
chapter. The Voc , Jsc, FF, and efficiency increase by 5mV, 0.5 mA/cm? 2% absolute, and

1% absolute, respectively. The optimized process improves the Vyp which also influences the
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Figure 32: 1-V Characteristics of 422 pm Thick, 4 cm” SHJ Solar Cells Manufactured
Using the Intrinsic a-Si:H Layer Baseline and Optimized Processes. The Thickness of
Intrinsic a-Si:H Layer is 6 nm for Both the Cases. The Voc (a), Jsc (b), FF (c), and Efficiency
(d) are Improved with the Optimized Process. The Structure of These Cells is as

Represented in Fig. 1(a). The Sample Size was Greater Than 10 for Each Process.
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Reflectance

TLM pattern

5x2 cm

Figure 33: Top View Photo of a Metalized 40 um Thin SH] Sample Fabricated on 156 mm
Standalone Wafer. The Screen-Printed Devices Have Multiple Patterns and Cells with
Different Areas are Fabricated. These Patterns Can Also be Used to Measure the (a) TLM
Pattern: Contact Resistance of the Underlying Layers in the Devices and (b) Reflectance of
the ARC Layer Deposited on the Top of the SHJ] Device to Optimize the Electrical and

Optical Properties of the Devices.

gain seen in FF when compared to the baseline process. The variation in Jsc can be attributed
to non-uniformities in the I'TO layer, wafer thickness, variations in the texturing process, and
slight deviation in alignment between screen printed samples due to handling. The photo of

the metallized SHJ cell pattern is shown in figure 33.

52 SiOx and ITO Stack for Increased Photogeneration

TCO requirements for SHJ solar cells usually include the following [84], [85]: refractive
index close to 2.0 to serve as an ARC; transparency from 350 to 1200nm; provide lateral

conductivity; achieve ohmic contact with metal electrodes and doped a-Si films; deposition
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should not damage the surface passivation; should not cause reliability issues; should not
contribute to the degradation and failures in the field. ITO is commonly used on top of doped
a-St:H layers to promote lateral carrier transport, good ohmic contact to metal electrodes, and
serve as an antireflective layer. However, ITO also absorbs light in the ultraviolet regime due
to its wide bandgap and the infrared regime due to free carrier absorption [86]. By using a
stack of thinner-ITO and SiO,, we can decouple to some extent the antireflective and
conductive properties that were provided before by just a single thick, highly absorbent layer
of ITO. When compared with ITO, the SiO, with an optimal refractive index and thickness
has already been established to have low parasitic absorption and good antireflective properties
[87]. A thin layer of ITO is enough to provide the necessary carrier transport and ohmic

contact, and SiO; can be used to complement the antireflective properties.
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Figure 34: EQE of Representative Samples for the Two Types of Solar Cell Structures
Shown in Fig. 11 Using 4242 um Thick Textured Wafers. Jgn of 37.5 mA/cm® Achieved
Using 75 nm ITO and 38.6 mA/cm® Using SiOITO Stack. The Optimized Process was
Used to Deposit the Intrinsic a-Si:H Layer for These Samples. The Patterned Green and
Yellow Shaded Areas on Top of the EQE Curve are the Reflectance Measurements of the
Respective ARC Layers.



SHJ solar cells with two anti-reflective coating stacks as shown in figure 11, chapter 3, were
manufactured. To mitigate the light absorption, we reduced the thickness of ITO and added
a silicon oxide layer to preserve the anti-reflective properties of the cell [85]. In Figure 34, the
SiO«ITO stack shows an improvement (yellow shaded area) of 1 mA/cm’ in photogeneration
current density (Jyen). The Juen for the device was calculated by measuring the external quantum
efficiency (EQE). The SiO«ITO stack shows a gain in current across a wide range of
wavelengths. As compared to the structure (a) of Figure 11, there is an absolute gain of 0.6
mA/cm’ in the wavelength range of 300-450 nm and an increase of 0.3 mA/cm’ in the
wavelength range of 800-1050 nm by using structure (b) of Figure 11. A comparison between
the reflectance measurements, figure 34, shows that the using SiO:ITO stack mitigates losses
due to ITO, indicated by the patterned green area, mainly 300-400 nm and 900-1100 nm

regime.

5.3  Impact of Varying a-Si and Substrate Thickness

A thicker intrinsic a-Si:H layer is expected to deliver better surface passivation leading to
higher minority carrier lifetime and open circuit voltage [88]. It has been reported that for thin
i-a-Si:H layers, minority carrier lifetime is mainly limited by recombination at the external
surfaces whereas for thick layers both the defect density in the substrate as well as the i-a-Si:H
layer will limit the minority carrier lifetime [88]. A thick intrinsic a-Si:H layer deposited using
two steps to form a bilayer was successfully demonstrated in the past [62]. The idea is to
deposit a thin layer, perform the hydrogen plasma treatment and then deposit the rest of the
stack. This could promote a better diffusion of hydrogen to the intrinsic a-Si:H/c-Si-interface,

enhancing the surface passivation [65]. In this work, a bilayer of intrinsic a-Si:-H was formed
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by first depositing a 6 nm of intrinsic a-Si:H, followed by hydrogen plasma, and finally a 7 nm
of intrinsic a-Si:H was deposited. Figure 35 shows the I-V characteristics of the SHJ solar cells
as a function of intrinsic a-Si:H thickness. The best efficiency on a 40£2 um thick wafer using
the optimized process and SiO:ITO ARC stack was 20.48%. The Voc of the cells increases
with an increase of intrinsic a-Si:H thickness, figure 35 (a). The difference between iVoc and
Voc is mitigated when we use a thicker intrinsic layer, figure 35 (a), as the interface is likely to
be partially shielded from sputtering damage [89]. The short circuit current density (Jsc)
decreases slightly as the absorption increases with layer thickness, figure 35 (b). Figure 35 (b)
also shows slightly different values of Jsc between the 14 nm thick layer and the bilayer (6+7
nm). This slight difference could be related to the fact that the number of samples processed
with the bilayer was less than half of any other type of samples since we didn’t expect sizable
differences between the thick intrinsic a-Si:H and the bilayer samples. Implied fill factors (iFF)
greater than 84% were attained for all the SHJ solar cells used in the study. The pseudo fill
factor (pFF) increases by 1.3% absolute when a thicker intrinsic layer is deposited. However,
thicker layers lead to higher series resistance [90], as seen in figure 35 (c). The fill factor reduces
to less than 60% for a thick layer of intrinsic a-Si:H. Implied efficiency (IEff) of the SH]J solar
cells was calculated by using the product of iVoc, iFF and Jgn, figure 35 (d). Using the
recombination limit and the light trapping characteristics of our cells, i.e., the implied voltage
parameters and the generation current of our stacked ARC structure respectively, we get
implied efficiencies greater than 24% and pseudo efficiencies greater than 23% for all the
samples, figure 35 (d). Improvement in carrier selectivity of doped layers, increasing the

mobility of the ITO layer, mitigating sputter damage and better front metallization scheme are
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some of ways to reduce the difference between pseudo efficiency and the actual efficiency for

the SHJ solar cells fabricated in this work.

Although using SiO:ITO stack leads to gain in generation current, FF losses were seen due
to the reduction of I'TO thickness which leads to an increase in sheet resistance of ITO. Thus,

three different front ARC structures for SHJ solar cells was re-investigated:
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Figure 35: I-V Characteristics of 4242 um Thick, 4 cm®, SHJ Solar Cells as a Function of
Intrinsic a-Si:H layer Thickness: a) Voc, the Markers Represent iVoc ; b) Jsc, the Markers
Represent Jeen; ¢) FF, Where the x Marks Indicate the pFF, the Triangles Indicate Implied
Fill Factor (iFF); and d) Efficiency, Where the X Marks Indicate the Average Pseudo
Efficiency (pEff) and the Triangles Indicate Implied Efficiency (iEff). The Optimized
Process was Used to Deposit Intrinsic a-Si:H for All the Samples. The Structure of These
Cells is as Represented in Fig. 11(b). The Sample Size is Greater Than 10 for 6,7, and 14 nm

Thick Intrinsic a-Si:H Layer and greater than 4 for a bilayer intrinsic a-Si:H layer Respectively.
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e ARCtypel-78 nmof ITO
e ARC type 2 - 70 nm of ITO + 50 nm of SiO;
e ARC type 3 - 40 nm of ITO + 100 nm of SiO;

A comparison of the EQE of SHJ solar cells with these three different types of ARC
structures is shown in figure 23 By using ARC type 2 we gain 0.4 mA/cm” in photogeneration
current (Jgen). With this improvement, we were able to reach an efficiency of 20.69%. SHJ cells
with ARC type 3 had an additional gain of 0.75 mA/cm? in Jeen. As compared to ARC Type 1,
there is an absolute gain of 0.647 mA/ cm? in the wavelength range of 300-450 nm and an
increase of 0.334 mA/cm” in the wavelength range of 800-1050 nm by using an ARC Type 3

structure.

Table 4 shows a comparison of the best performing 40 um thin SH]J solar cells using the

three different types of ARC structures described above. The efficiency using the ARC type 3
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Figure 36: EQE of SHJ Solar Cells with Three Different ARC Structures. Each Type of
SHJ Solar Cell is Classified According to Their ARC Structure as Mentioned Before.
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structure was 20.48%, which is 0.2% absolute lower efficiency when compared to the ARC
type 2 structure as a result of a lower FF (72.3%). There was an increase in Jsc (38.26 mA/cm?),

and the Voc was 741 mV. The sheet resistance of I'TO changes with film thickness and the

Table 4: Comparison of the I-V Characteristics of the Best SH] Solar Cells with Three

Different Front ARC Structures.

VOC Jgen JSC FF pFF Tl
SHJ Cell type

(mV) (mA/cm’) (mA/cm?) (%) (%) (%)
ARC Type 1 737 37.2 36.5 75.2 81.1 20.25
ARC Type 2 737 37.8 37.17 75.6 80.3 20.69
ARC Type 3 741 38.5 38.26 72.3 81.4 20.48

lower FF can be explained by the higher sheet resistance for a 40 nm thick ITO (90 Q/[1)
when compared to the 75 nm thick ITO layer (60 €/sqt). Oxygen content in the ITO film
can be reduced further to achieve similar sheet resistance as thick I'TO films. Hydrogen doped

Si0O; layers can also be used to address the FF losses [85].

To control the accuracy of in-house measurements and to avoid the error introduced in the
short circuit current density due to spectral mismatch, a 40 yum thin SHJ calibration solar cell
was shipped to NREL. The efficiency measured at NREL was 18.49% and the in-house
measurements showed an efficiency of 18.26%. There is a difference of 0.2 mA/cm?® in Jsc
(0.2%), 3 mV in Voc (0.4%) and 0.8% in FF (1%) between the NREL and the in-house
measurement, figure 37. These errors are within the tolerance limits of the Sinton FCT-450
flash I-V tester. Figure 37 also shows the I-V curve of the best cell measured at SPL with an

efficiency of 20.69%.
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SHJ cells were also fabricated on substrates with varying substrate thicknesses to examine
the trend in I-V characteristics figure 38. The open circuit voltage of the devices increases
with decreasing substrate thickness. Comparing the mean values of the distribution of the
data points shows a logarithmic increase in Voc. The short circuit current density decreases
monotonically with the decrease in substrate thickness. The short circuit current density as
described before is limited by the parasitic absorption in the intrinsic and doped a-Si:H layers,
the ITO, and Ag layers of the SHJ devices. There is no significant trend observed in the FF
of the SHJ devices for varying substrate thicknesses. The average of the distribution rises
from 69% to 71% for a substrate thickness of 120 pm to 40 um, which is largely due to the
variations in the uniformity of the underlying a-Si:H and ITO layers, variations in screen
printing, and general process variability. There is no significant difference between the

efficiencies of 160 pm and 140 pm thick substrates. The average efficiencies of the devices
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Figure 37: I-V Curves of 40 um-Thin SHJ Solar Cells. SH] Calibration Cell Measured at
NREL (Eff. 18.49 %) and In-House (Eff. 18.26 %). Blue Curve Shows the I-V Curve of
Our Best 40 um-Thin SHJ Solar Cell with an Efficiency of 20.69 % Measured In-House.
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Figure 38: I-V Characteristics of 4 cm?, SHJ Solar Cells as a Function of Substrate
Thickness: (a) Voc, (b) Jsc, (c) FF, (d) Efficiency

reduce monotonically with a reduction in substrate thickness. Further analysis and

characterization of the device losses are explored in the upcoming chapter.
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6. LOSSES IMPACTING DEVICE PERFORMANCE

6.1  Characterization of Losses Due to Varying Substrate Thickness

To enable a better understanding of how these devices perform under real-world
conditions, the various energy conversion losses for fabricated SHJ solar cells were quantified
for varying substrate thicknesses. The performance of these devices was discussed in the
previous chapter. A pathway to make these SHJ devices for varying substrate thickness more
efficient, less expensive, and more durable is also outlined at the end of this chapter. A
comparison between the fundamental Vo, implied Voc and the actual device Voc is presented
in Figure 39 (a). Open circuit voltage of final SHJ devices follows an exponential decay similar
to the implied open circuit voltage and the fundamental voltage. The fundamental Vo limit
for silicon is calculated according to the details provided in chapter 2. Implied voltages of the
devices are obtained using the Sinton lifetime tester, after depositing i-p and i-n a-Si:H layers
as seen in section 4.4, chapter 4. A loss of 22 mV at 180 um and a loss of 30 mV at 40 pm is
seen when device Voc is compared to the fundamental limit. The final device current density
has a sharper loss compared to the Lambertian limit [40] or the generated model using PV
lighthouse. This is expected due to the transmission losses in longer wavelengths and
absorption from the ITO layers. Owing to these losses there is a constant decrease in the
efficiency with reducing thickness. In figure 39(c), the limiting efficiency of silicon is estimated
by setting the FF at 82% (black curve) and 76% (red curve) and a comparison is made to the
device limit that can be achieved by the best voltage, current density and fill factors obtained

for SHJ devices for different substrate thicknesses fabricated in this work.
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Figure 39: (Data of Cells with Best Efficiencies Only) (a) Comparison of Voc, iVoc and
Fundamental Voc of SHJ Devices for Varying Substrate Thickness. The Solid Black Line
Represents the Fundamental Voc Limit for Silicon. The Dashed Lines Indicate Logarithmic
Fits to the Data to the Implied and Final Device Voltages. (b) Comparison of Short Current
Density Obtained by Lambertian Limit, Modeled Using PV-Lighthouse Wafer Ray Tracer
and Measurements of the Final SH] Devices. The Dashed Blue Line Indicates a Linear Fit
to the Data. (c) Comparison of Theoretical Efficiency Limit of Silicon for Fill Factors Set at

82 and 76% and Calculated Efficiency Limit for In-House SHJ Devices.

Optical, voltage, and resistive losses were characterized for the SHJ devices fabricated
using multiple substrate thicknesses. Voltage losses compared to the fundamental silicon limit
are obtained by the difference between the equations obtained by fitting for the data provided
in figure 39 (a). Similarly, optical losses compared to the Lambertian limit are obtained by the
difference between the fitted equations of the data provided in figure 39 (b). Fill factor (FFy)
is calculated by using well-known empirical equations (34) and (35) where the Voc is the
implied Voc obtained as described in previous chapters [91]. To calculate the percentage losses
due to series resistance (Rs) and shunt resistance (Ra), we calculate the fill factors FF; and

FFgp according to analytical expressions (38) and (39) [92] and compare it to FFy. An average
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Implied FF (iFF) of 83.5% , measured using the Suns-Voc system, is a better estimate for

calculating the device losses for the silicon substrates used to fabricate SHJ cells in this work.

_ _Voc
voc = Gukr/q) e
Rs
s = Voc/lsc (33)
Rsh
= —" 36
Tsh Voc/lsc (36)
FF. = voc—In(vpc+0.72) (37)
0 voct+1
2
FF, = iFF(1 - 1.1r,) + ;—4 (38)
o _ voct0.7 %
FFy, = iFF (1 (Poe )(rh)> (39)

FF, = FF, (1 - (’”’ET*C‘”) (%)) (40)

Voltage losses for SHJ devices fabricated at SPL contribute around 3.8% losses for 170 um
devices and around 3.8% for 40 pm samples. Optical losses contribute around 7.9% for 170
um devices and increases to 9.9% for 40 um samples, figure 40. These losses indicate that
better optical schemes are required to address the optical losses due to parasitic absorption
and transmission losses for very thin silicon substrates than the conventional random pyramid
textured scheme. Figure 41 shows the comparison of the EQE data for varying substrate
thicknesses. The curves indicate that the monotonous decrease in the short circuit current
density is mainly due to the loss of absorption between 850 to 1200 nm regime (IR response).
Detailed analysis of the optical loss mechanisms due to the heterojunction layers can be found

elsewhere [86]. Very small differences are noticed in the EQE for the range of 300-350 nm,
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Figure 40: Percentage of Various Device Losses in Comparison to the Silicon Efficiency
Limit Calculated Using [11]. The Inset Pie Chart Shows the Device Losses for a 170 and a
40 um Thin SHJ Solar Cell. The Grey Area Indicates the Current Device Efficiency as a
Percentage of the Theoretical Silicon Efficiency Limit for Varying Substrate Thicknesses.

which is mostly due to the non-uniformities introduced in the a-Si:H and ITO layers during
the deposition process. One way to mitigate these losses was explored in the previous chapter
by using SiO2:ITO stacks. The impact of the increase in minority carrier injection levels, at the
maximum power point, for reducing substrate thicknesses is mostly observed in the losses
contributed due to series resistance. The resistance losses decrease from 11.3% for 170 um
devices to 10.3% for 40 um samples. The losses due to shunt resistance are the least among
the factors contributing around 1.5% for 170 um devices and around 1.6% for 40 pm thin

devices.
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Figure 41: Comparison of EQE of SHJ Devices for Varying Substrate Thicknesses. The
Dashed Curves are the Reflectance Measurements of the Devices. ITO is Used as an ARC
Layer and the Deposition Conditions are Kept Constant Across These Devices. Inset Graph
Shows the Comparison of the Same EQE Measurements for a Wavelength Range of 850-
1150 nm Indicating the Absorbance Losses for Reducing Substrate Thickness.

6.2 Impact of Cell Area

The top efficiencies on SHJ solar cells are typically reported on large area solar cells [13],
[20], [93], [94]. The reported results of SHJ solar cells in figures in the previous chapters are
4 cm’in area. Figure 33 shows the photo/schematic of the SHJ cells that were fabricated.
Although we use an opaque mask to avoid illuminating the adjacent area of the cell which is
defined by the mask, there exists an electronically active peripheral region within the cell where
carrier recombination occurs, figure 42. This active region leads to losses in voltage that impact

the overall performance of the SHJ cell. We manufactured solar cells with two different areas
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and similar implied I-V parameters to evaluate the impact of the area on the cell performance,
and the results are provided in Table 5. The larger cell shows lower Voc loss and higher pFF.
Since both the cells experienced the same manufacturing process, the only difference is the
ratio of cell perimeter to the cell area. This seems to indicate that smaller cells, that is, those
with a larger perimeter-to-cell-area ratio, have larger edge recombination, similar to other work
found in the literature [95]. The difference in iVoc and Voc can also be attributed in part to
the sputtering damage which results in the loss of surface passivation [89]. According to the
values shown in Table 5, about 87% of the difference between the pFIF and FF is caused by

the series resistance. The Rs values are obtained from the Sinton I-V measurement tool.

Uniform illumination
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Figure 42: Schematic of the 4 cm® SHJ Cells That are Fabricated on 156 mm Wafers. An
Opaque Mask Which has an Area of 4 cm® is Used to Cover the Area from Illumination.

Recombination is Possible in the Peripheral Area as Shown Leading to Voltage Losses.
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Photoluminescence imaging of solar cells at short-circuit conditions can also be used to
measure the diffusion of carriers at the edge of the cell area. PL. counts (Cpr) are directly
proportional to the np-product and thus related to the diode voltage (17) as:

2 qu
Cpp X np < An(An + Ny) < ni,crexp A
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Figure 43: PL Image of 6 cm® SHJ Solar Cell Under Short Circuit Condition. (b)
Representative PL Intensity Linescan Across the 6 cm® Device Which Shows Minority
Carriers Diffuse at Least 5 mm from the Edge of the Device. (c) PL Image of 150.3 cm’
SHJ Solar Cell Under Short Circuit Condition. (d) Representative PL Intensity Linescan
Across the 150.3 cm® Device has Minority Carriers that Diffuse at Least 5 mm from the
Edge of the Device. It is to be Noted that PL Linescans, (b) & (d) have Undergone

Translational Transformation.
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where the details of these parameters are provided in chapter 2. Figure 43 (a), (c) represents a
PL image of the 6 cm” device and 150.3 cm® device under short-circuit conditions, respectively.
Figure 43 (b), (d) is a representative linescan of PL intensity across the devices respectively
and we see carriers diffusing at least 5 mm for both cases when compared to the edge of the
ITO layer on the device. The section of the PL linescan till the edge of the I'TO, is proportional
to the Voc measured when the entire substrate is illuminated. When using a measurement
mask, there is the diffusion of carriers along the edges which is proportional to the diffusion
of carriers at the edges under short circuit conditions. The loss of voltage due to the diffusion

of carriers around the edge of the solar cell can be estimated using calibrated PL images.

Measured Voc values for a 6 cm?® square SHJ solar cell with and without masking are 725
mV and 735 mV respectively. Measured Voc values for a 150.3 cm® pseudo-square SHJ solar
cell with and without masking are 742 mV and 739 mV respectively. These results are a good
indication that smaller cells that have a larger cell perimeter-to-area ratio, have larger edge
recombination [95]. We demonstrate that the edge losses decrease with the decrease in the
ratio of cell petimeter-to-area. A change in the cell area from 6 cm® to 150.3 cm” led to a
voltage gain of 7 mV. When measuring voltage with and without a mask, a difference of 10
mV is seen for 6 cm” SHJ solar cells. This reduces to 3 mV for an area of 150.3 cm? It is
demonstrated that PL imaging at short-circuit conditions is a promising technique to quantify
the voltage losses from the edge of solar cells. Figure 44 also shows a comparison between the
masked and unmasked measurements for thick and thin SHJ cells for varying illumination
intensities. We see an average voltage difference of 5 mV for 160 um cells and an average

voltage difference of 10 mV for 40 pm cells at an illumination intensity of 1 sun. This voltage
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Table 5: Comparison of 4222 pm Thick SHJ Solar Cells of Different Areas but with Similar

Effective Minority Catrier Lifetimes at 3x10" cm”. 1ess, iVoc and iFF Were Measured on p-i/c-
Si/i-n Structures. Voc, pFF, FF, Jsc, Rsand Efficiency Were Measured on Completed SHJ Solar
Cells. The Jsc Values for the First Two Solar Cells Shown Here are Lower Than in Figure 35

Because the SiO:ITO Stack Was Not Incorporated in This Experiment.

Cell

Jsc Rs

Teff 1V0c iFF Voc pFF FF Eff
r mA Q
A ) @) ) @) ) ) SR o
153.9 1440 764 83.7 747 82.4 757 340  1.57 19.22
4 1432 764 83.7 740 80.8  73.5 36.4 1.60 19.80
4* 1767 761 85.0 741 814 723 38.3 1.99 20.48

*Represents the best SHJ solar cell using SiOITO ARC stack figure 11(b).

difference increases to an average of 7 mV for 160 pm cells and 12 mV for 40 pm cells at an

illumination intensity of 0.1 suns. An illumination intensity of 0.1 suns is close to the injection
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Figure 44: (a) llumination vs Voltage Measurement of 40 um Thin Cell with and Without a

Mask, Measured Using the Suns-Voc System. (b) Difference in Voltage Between the

Measurements at an Illumination of 1 sun. (c) Difference in Voltage Between the

Measurements at an Illumination of 0.02 sun. (d) Comparison of the Voltage Differences

Observed for 160 and 40 pm Thick Cells for Varying Illumination Intensities.
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level at maximum power point. This trend can be explained by the recombination fractions
that were modeled in section 4.8, chapter 4. Thinner wafers operating at Vyp are more
susceptible to peripheral recombination when compared to thicker wafers. A 5mV difference
for 160 um thick cell contributes to around 21% of the Voc losses and 0.65% to the total
efficiency losses seen in figure 40. A 10mV difference contributes to around 33% of the Voc

losses and 1.35% to the total efficiency losses seen in figure 40 for a 40 um thick cell.

6.1 Sputtering Damage to Surface Passivation

The 1 of passivated wafers decreased drastically after sputtering, regardless of different
intensities of DC plasma power, Figure 45 (b). One of the reasons could be that there is a
threshold of energy required to break bonds, and higher energies have no additional impact
[74]. To determine if the ITO layer affects 1. measurement, some of the samples were dipped
in 15% HCI to etch the ITO away before remeasuring T+ Acquiring PL images after each

processing step showed the changes in 1. over the entire wafer, Figure 45. Since 1 did not
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Figure 45: Carrier Lifetime and PL Images (a) Before ITO, (b) After ITO, (c) After HCI
Dip and (d) After Annealing.
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Figure 46: (Left) tr of Wafers Before and After ITO Sputtering for Two Different DC
Plasma Powers. (Right) Percentage Degradation in 1.+ Before Sputtering ITO and After

Annealing Them to Recover ..
change after the etch, it was determined that this parameter can be measured accurately even
with the presence of ITO layers. Although, T can be recovered partially by annealing we still
see a discernible degradation Figure 48. The use of DC plasma power >1 kW showed higher
degradation in minority carrier lifetime when compared to plasma power <300 W, Figure 48.
The exposure time to the plasma also plays an important factor in reducing the damage on
these wafers [96]. By 70% reduction in the DC plasma power, we can mitigate the sputtering

damage, from a maximum of 38% down to 17%, and increase the reliability of the process.
6.2 Impact of Controlled Laser Induced Defects
Although a lot of care is taken to achieve high quality silicon surfaces for fabricating SH]J
solar cells, areas of high recombination are not unavoidable. To study the effect of these high

recombination areas on device performance, a quantitative investigation was carried out by

comparing the characteristics of devices with no induced defects and devices with controlled
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Figure 47: Minortity Carrier Lifetime of p-i/c-Si/i-n Deposited Samples Using 170 um

Thick Substrates and iVoc of Wafers Before Metallization
distribution of laser induced defects. SHJ cells were fabricated using a 170 pJim thick substrate
for these experiments. The area of these laser induced defects which mimic the areas of high
recombination can be determined through PL images. Seven samples went through the
standard silicon heterojunction solar cell process as described above and seven other wafers
went through the process with laser induced defects on their surfaces. The effective minority
carrier lifetime and implied open circuit voltage (iVoc) of these sets of wafers are all in the
same order, Figure 47, of 4.5 ms and 735 mV respectively before damage at an injection level
of 10" ecm™. The average lifetime and iVoc of the wafers decrease to 2.8 ms and 731 mV
respectively after laser induced damage. A change in 1.7 ms lifetime corresponds to almost
37% change from the initial value. The average emitter saturation current density (Jo.) increased
from 1.8 fA/cm’ to 3.1 fA/em”. Sputtering of ITO is known to induce damage on the surface
of wafers reducing the carrier lifetimes [97]. Minority carrier lifetimes were recovered by

annealing the samples at 200 °C for 30 minutes. Areas of high recombination, when quantified
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Figure 48: Representative PL Images of The Samples That Were Used for This Study (left)
Passivated Wafer (right) Metalized Wafer with Laser Induced Defects.

using PL images, tend to reduce significantly after the deposition of I'TO, Figure 48. Lateral
transport of photogenerated carriers in the I'TO layer can be the reason for this [98]. After
metallization, parameters such as short circuit current density Jsc, open circuit voltage, voltage
and current at maximum power point, fill factor, were extracted for each cell. Figure 49 shows
a comparison of these parameters for control samples and the induced damaged devices.
The average efficiency of the control samples was at 18.6% and the average of the damaged
ones was at 18.1%, i.e., a relative decrease of 2% in the efficiency. It is evident from the I-V
characteristics that the induced defects did not have any considerable change on the short
circuit current density of the wafers, which can be expected since the damaged area is around
1% of the total area. There is a relative change of only 0.5% or 4mV on the Voc. The biggest
impact of the damages was seen at Vyp, with a difference of 13 mV, i.e. a relative change of
2%, although there was no appreciable change in the Jup of the cell. There was an absolute 2%
loss in the fill factor between them. These factors correspond to an absolute loss of 0.12 W

per cell, a relative loss of 8% per cell. Using calibrated photoluminescence images we can
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spatially resolve lifetime, Voc, and Jo. images of cells at various stages of processing, which can
be further used to model and predict the efficiencies of wafers before metallization [55], [97].
An area of 2% of defects on a silicon wafer can lead to an 8% relative loss in power generated
from the device. Also, Ve shows a drop of 13 mV and negligible change in Jsc after the
induced damages. These results indicate that each damaged area can be treated as diodes
connected in series that bring down the total voltage at open circuit and maximum power
point across the device. As shown in section 4.8 chapter 4, thinner cells are much more
susceptible to surface recombination which leads to the conclusion that differences observed

for these devices will be much more pronounced for thinner SHJ cells.
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Figure 49: I-V Characteristics of the Metallized Samples. The Blue Box Plot Represents
Cells That Did Not Undergo Laser Induced Defects and the Orange Box Represents the
Samples That Did Undergo the Induced Defects.
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7. SUMMARY AND CONCLUSIONS

In this work, the potential of very thin SHJ solar cells was examined both experimentally
and through analytical modeling. It was demonstrated by modeling that for commercially
viable solar-grade silicon with the total surface saturation current density Jos < 0.5 fAcm™and
n-type bulk minority-carrier lifetime of 10 ms, the calculated optimum wafer thickness is
between 40-60 um. Modifying the deposition parameters of the intrinsic a-Si:H led to
improvements in surface saturation current density, implied voltages at maximum power, and
open circuit across the entire range of wafer thicknesses considered in this study.

An average surface saturation current density of 0.6 fA/cm” was accomplished using the
new process, reducing the surface saturation current density by half compared to the baseline
process. The implied voltage at maximum power and open circuit improved by an average of
21 mV and 8 mV, respectively. Implied open circuit voltage over 760 mV and implied fill
factors above 85% were measured on i-p/i-n stacks deposited on 40 pum thick wafers. It was
successfully demonstrated experimentally the potential to exceed 21% efficiency using screen
printed 40 pm thick silicon heterojunction solar cells. It was also established that standard
industrial processes can be used to manufacture large area (>120 cm®) SH]J solar cells using 40
pum silicon wafers.

Further efficiency improvements need to address losses in open circuit voltage and fill
factor. The edge losses decrease with the decrease in the ratio of cell perimeter-to-area. A
change in the cell area from 6 cm” to 150.3 cm® led to a voltage gain of 7 mV. The results also
suggest that losses are in part related to the damage induced during the sputtering process of
ITO. Lowering the power while sputtering can only lead to a controlled recovery of minority

carrier lifetime and not complete recovery. A 2% area of high surface recombination can lead
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to a relative decrease of 2% in the cell efficiency and a relative loss of 8% in power for a 170
um thick SHJ solar cell. The FF losses are largely driven by the series resistance that can be
partially improved by a better metallization design and improving the mobility of the ITO
layer. The contact resistance between the p-type a-Si layer and the ITO layer should also be

addressed for further efficiency improvements.
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