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ABSTRACT

This works developed synchronous Raman microspectroscopy with laser beam induced
current (LBIC) measurements to generate insights into structure-property correlations in finished
solar cell modules. Raman spectroscopy is a powerful, non-destructive technique to examine phase
and composition of materials where a laser beam excites characteristic vibrational modes of
chemical bonds in a material. Conducting Raman spectroscopy under a microscope (i.e., Raman
microspectroscopy) with confocal capabilities allows the chemical constituents to be mapped with
high spatial resolution in the X, y and z directions. Simultaneously, the excitation laser from Raman
can also generate photocarriers in a semiconductor. In a solar cell, these photocarriers generate a
current termed as, LBIC which measures the device’s ability to produce current upon light
illumination. Thus, mapping the chemical signatures and electrical characteristics synchronously
across the x, y and z directions can provide a deeper understanding and a multi-modal metrology
platform for solar cell materials and devices. Simultaneous Raman microspectroscopy and LBIC
measurement technique can be used to identify differences in quality between fresh and degraded
solar cells through Raman microspectroscopy. The technique can be used to study material device
correlation in solar cells with LBIC coupling. Coupled with LBIC, these measurements will
provide deeper insights to cell quality and reliability. The proposed system is material agnostic
and can be applied to a generalized photonic device. Effective in-line metrology in solar cell
manufacturing holds the potential for reducing $/watt of solar cells by identifying process and
materials excursions sufficiently early in the production process, thus improving manufacturing

efficiency and reducing material loss. Effective metrology requires a characterization technique



with adequate sensitivity, scale, and spatial resolution. While optical and electrical techniques are
routinely used for in-line metrology and inspection, they do not generate the desired scientific
understanding that correlate processes with materials and device performance. Thus, by applying
the technique of combined Raman and LBIC measurements, understanding the interplay between
process-material-device characteristics of a solar cell can be elucidated. Such knowledge is

expected to positively impact the solar cell manufacturing industry.
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CHAPTER ONE: INTRODUCTION

Technological advances in solar cell manufacturing at economies-of-scale have led to a
significant decrease in the price of solar cells. Additionally, new materials and improved processes
have steadily led to the increase of solar cell efficiencies (currently at 26.7 % for silicon (Si) solar
cells) and reliability (20 years with < 5.6 % degradation in open circuit voltage (Voc)) [1-3].
Consequently, costs for energy generation using Si solar cells have dropped to 0.038 $/kW-hr,
which puts it at par with other sources of non-renewables such as, coal (0.12 $/kW-hr) and
hydroelectric (0.039 $/kW-hr) [4]. Si solar cells capture a significant portion (90 %) of the solar
cell market [5]. The high-volume manufacturing environments for Si solar cells integrate processes
that dope precise regions in the absorber layers, create textured surfaces that efficiently absorb
solar irradiation, integrate transparent conductors and metallic films onto the device, while
packaging, wiring and laminating cells into modules [6]. Today, the Si solar cell is a complex stack
of materials with specific electrical, optical, structural, and mechanical functionalities.

For continued cost and efficiency gains in Si solar cell manufacturing, in-line metrology
and characterization tools play a critical role. With the right modality of measurement and a well-
designed tool, process excursions, material variations and their impact on device performance can
be detected sufficiently early to avoid losses in productivity. Techniques such as, optical inspection
and electrical testing are present in manufacturing lines. However, these techniques measure
performance at the module level and either lack the sensitivity or spatial resolution to map
deviations from process excursions on a solar cell. To the best of our knowledge, advanced
materials characterization techniques with high sensitivity at the micron scale have not been

implemented [7].



There are many metrology methods used in each step of the industrial production of PVs
along the supply chain process. Raman microspectroscopy is used in detecting crack formation in
all the PV production processes. LBIC is used in detecting poor junction isolation and many other
processes [8-10].

The central hypothesis of this proposal is that the laser source used for performing
Raman microspectroscopy to analyze structure property relationship of the target material
can also be used to perform LBIC measurements for any photonic device.

Thus, by coupling a Raman + LBIC system together, the correlation of structure of
materials in a solar cell to device performance can be studied.

From a research perspective, we note that Raman microspectroscopy has been used to
characterize CdS/CdTe based solar cells [11]. However, Raman microspectroscopy is currently
not optimized for Si solar cell characterization. The measurements are slow and usually take
several minutes to be acquired. With proper hardware modifications including use of multiple
heads, faster raster scans and optimized signal acquisition algorithms, it is possible to acquire data
in time scales which are well within the requirements of high-volume solar cell manufacturing
environments.

LBIC is one of the most accurate tools to determine defects in solar cells. LBIC is a
complimentary technique to EBIC (Electron Beam Induced Current) which is performed in a SEM
(Scanning Electron Microscopy). LBIC uses similar instrumentation to Raman, shining light at
various positions of the sample to produce a photo response map. However, the spatial resolution
is compromised when using LBIC over EBIC (<1 um for EBIC, <(10-20) um for LBIC) [12].

Susanne et al., developed a technique to characterize solar cells using a microscopic light beam



for higher resolution[13]. The microscopic LBIC measurement showed good correlation to EBIC.
Thus, the need of sample preparation and vacuum condition is not required using this technique.
Performing synchronous LBIC with Raman microspectroscopy, photo inactive areas can
be identified at the micro-scale. This clearly has the advantage of characterizing solar cells in
ambient conditions without any sample preparations. Material-device correlation can be
established from performing synchronous Raman microspectroscopy and LBIC measurements.

Any photonic device with a Raman fingerprint can be studied with the proposed technique.



CHAPTER TWO: MOTIVATION

Defects identification is a vital part of the PV production process. As mentioned earlier,
there are many methods used in characterizing solar cells. Electroluminescence (EL) and
photoluminescence (PL) are the two most common used methods. PL is the emission of light after
photon absorption. When a light is shined on a PV material, the electrons are excited from the
ground state to the conductive state. These excited electrons return to the ground state by releasing
its energy in the form of light thus producing a PL image or map.

In this section, PL image of both fresh and degraded Si solar cell (samples described later

in Chapter Five) is shown to understand this single mode method of characterizing solar cells.

2.1 Methodology

A BT Imaging LIS-R1 PL system was used in this experiment featuring an 808 nm
wavelength laser as the excitation source. The test samples were imaged at 1.28 suns (highest
illumination power achievable by the tool). The emitted PL signal was captured by a 1-megapixel
Si charge-coupled device (CCD) camera with a 920 nm long-pass filter. In this experiment, a
photon flux of 3.085 x 107 cm s was assumed to be 1 sun. This was determined by using a
photon flux that allows a reference cell to match the short-circuit current density (Js¢) derived from

known external quantum efficiency data.



2.2 Results and Discussion

6.731E+4
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Figure 1: PL image (intensity) of fresh and degraded solar cell. The maximum value (counts) of

the PL peak is mapped here with the range shown in the color scale.

Figure 2: A) PL image of fresh solar cell B) PL image showing a highlighted region with a lower
intensity (Size of the micrograph is 10.14 mm x 10.14 mm) C) Optical micrograph of finger 6
showing saw marks (Size of the micrograph is 4.38 mm x 4.38 mm). PL image used has the same

color range as Figure 1.
Figure 1 shows the PL image of fresh and degraded Si solar cell. The fresh cell shows
higher PL intensity compared to the tested cell as expected. Several cracks were observed on both

the cells but were very predominant in the degraded cell. This could be attributed to the damp heat
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testing conducted on the cell. Figure 2A shows the PL image of fresh Si solar cell. Figure 2B
shows the zoomed in image of Figure 2A. The red boxed region shows a shaded region indicating
lower PL intensity. When looked at optical micrographs of the untested Si solar cell, it was
confirmed that the shaded region on PL map is matched to the saw mark observed on an Ag finger
shown in Figure 2C. This shows PL can characterize defects such as saw marks on solar cells in
macro scale.

Although, this technique was quick and easy in characterizing defects in solar cells, with
the application of combined Raman microspectroscopy and LBIC, spatial resolution will be
increased in micron scale. Information on mechanical stress around cracks and defects can be
obtained. The quality of solar cells with higher spatial resolution can be studied. This work
emphasizes the effectiveness of synchronous Raman and LBIC measurement in characterizing
solar cells that correlate materials structure property to device performance.

This work is divided into the following chapters. In chapter 3 background information on
solar cells and their production, Raman microspectroscopy and LBIC are briefly described. In
chapter 4, the instrumentation to measure synchronous Raman and LBIC measurement is
described. In chapter 5, the work on Raman microspectroscopy of a multicrystalline Si solar cell
is described. Chapter 6 talks the use of Raman microspectroscopy in characterizing a damp heat
tested solar cell. In Chapter 7, the synchronous Raman and LBIC measurement modality is used
to characterize a crystalline Si solar cell with focus on laser induced damages, defect and Ag

metallization. Chapter 8 talks about conclusion and future perspectives of this work.



CHAPTER THREE: BACKGROUND

3.1 Solar Cells

Solar cells or photovoltaic cells convert sunlight into electricity. The clean renewable
energy source has many benefits such as a limitless source of energy (i.e., sun), and a reduction of
carbon dioxide emissions. Factors such as materials, device construction (layers) and wiring and
busing affect the efficiency of a solar cell. Monocrystalline Si, polycrystalline Si and thin film
based solar cells are the main technologies used in the photovoltaics industry. Hybrid organic-
inorganic perovskites are the new emerging thin film photovoltaic technology along with organic

solar cells, dye-sensitized solar cells, and quantum dots [14, 15].

Screen printed silver fingers
of top contact grid

Y N e N N & n’silicon

p-type silicon

AR AR R — Pl

IR

Aluminium back contact

Figure 3: Cross sectional view of a commercial Si solar cell with screen-printed contacts [6].
Solar cells work on the principle of photovoltaic effect, where a potential difference is
generated at the junction of two different materials in response to electromagnetic radiation.
Semiconductor can be of two types: direct band gap and indirect band gap and is usually used as
an absorber. Absorption of a photon in a semiconductor excites an electron from an initial energy
level to a higher energy level. This creates a void with a positive elementary charge leading to the
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generation of electron-hole pair. To use the energy stored in the electron-hole pair for performing
work in an external circuit, carrier selective contacts must be present on both sides of the absorber.
These are the n and p-type materials. The thickness of the absorber plays an important role as the
solar cell design and should allow the electron and hole to reach the contacts before recombination.
With electrical contacts, the charge carriers are extracted and can perform work in an external

circuit [15]. Figure 3 shows the schematic cross-sectional view of a commercial Si solar cell.

Module

Figure 4: Schematic representation of c-Si PV manufacturing area across the supply chain [8].
Si is the most common semiconductor material used for manufacturing solar cells because
of its efficiency [5]. Si wafer is cut from a large crystal grown using Czochralski method, doped
with boron acceptor impurities. The wafers are mechanically polished to remove the saw marks
and chemically polished. The surface is textured and then a pn junction is produced by diffusing
phosphorous. Electrical contacts are screen-printed to connect to an external circuit [16]. Figure
4 shows the production of solar cells from polysilicon.
Second generation solar cells comprises of thin films of amorphous Si usually produced

via plasma-enhanced chemical vapor deposition (PECVD) of gases containing silane (SiH4). The



amorphous Si contains an alloy of Si and hydrogen in which the hydrogen plays the important role
of passivating the dangling bonds that result from the random rearrangement of Si atoms.
Cadmium telluride (CdTe) and copper gallium indium diselenide (CIGS) are also important
absorber materials for thin film solar cells. Organic-inorganic hybrid perovskites solar cells are
third generation solar cells that have been developed recently for photovoltaic applications. They
have wide variety of advantages such as low cost, ease of production, installation, and low energy

payback time with power conversion efficiency over 22% [17-22].

3.2 Raman Microspectroscopy

When light of wavelength ‘A’ is incident on matter, there is a finite probability that light
will be scattered at the same frequency. This elastic process is called Rayleigh scattering. The
resulting ‘virtual state’ of the molecule is a very short-lived distortion of the electron cloud caused
by the oscillating electric field of the incident light. This electron cloud is also influenced by
molecular vibrations leading to Raman scattering. The scattered photon is lower (or higher) in
energy by an amount equal to a bond vibrational transition leading to Stokes (anti-Stokes) modes
in the Raman spectrum. The concept of vibrational transitional modes is shown in Figure 5.

Raman scattering depicted in Figure 6 is a result of the polarization induced in the
molecule by the oscillating electric field of the incident light. The induced dipole radiates scattered
light, with or without exchanging energy with vibrations in the molecule. The light is scattered at
three frequencies assuming that the polarized electrons will radiate light at the frequency of their
oscillations. Rayleigh scattering occurs at the same frequency as the laser. It has a magnitude

proportional to the inherent polarizability of the molecule. Stokes Raman scattering occurs when
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Figure 5: Spectroscopic transitions underlying several types of vibrational spectroscopy [23].

the molecule gains energy from the incident light and the scattered light loses energy which
increases the wavelength. Anti-Stokes Raman scattering occurs when the molecule loses energy
from the incident light and the scattered light gains energy which decreases the wavelength.

The following insights are useful when it comes to Raman scattering. Polarization and
scattering intensities are linear with the laser intensity. Only vibrations that change the
polarizability produce Raman scattering. Raman shifts may be both positive and negative. Anti-
stokes Raman intensity depends on the population of the first vibrationally excited state and its
intensity is related to temperature by the Boltzmann distribution. Polarizability may vary for
different molecules and for different modes in a given molecule which leads to wide variations in
Raman scattering intensity. Raman scattering is much weaker when compared to Rayleigh

scattering [24, 25].
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Figure 6: Raman Principle [26].

A Raman spectrum consists of scattered intensity plotted vs. energy. Each peak
corresponds to a given Raman shift from the incident light. The Raman spectrum for Si centered
at ~520 cm is shown in Figure 7. This non-destructive characterization technique is used for
chemical analysis of a material. With Raman peak, the chemical structure, phase, and crystallinity

of the material can be obtained.

Raman Intensity

528 524 520 " 516 512
Frequency Shift cm )

Figure 7: Raman scattering from Si at 300 K [27].

Raman microspectroscopy, or the combination of Raman spectroscopy with an optical

microscope offers many advantages for the characterization of Si-based solar cells. The Raman
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instrumentation is affordable, no special sample preparation is required, and measurements can be
conducted in ambient conditions. The Raman spectrum for Si exhibits a pronounced transverse
optical (TO) phonon mode centered at ~520 cm™ which is easily detected [27]. The peak position
and full-width-at-half-max (FWHM) are indicators of Si crystalline quality and contain stress
information [28]. Compressive stress will tend to stiffen the bond, which leads to a slight increase
in vibrational frequency causing Raman shift to the higher wavenumber (superior to 520 cm™).
Other materials used in Si solar cells such as, transparent oxide conductors [29] [30] [31] and
interfacial layers of oxides produce their own Raman signal and thus, chemical mapping is
possible. Importantly, coupling Raman with confocal measurements (in the z i.e., depth direction)
can lead to a modality which is non-destructive and provides microscale sub-surface information
[32]. Finally, the optics of the microscope and the laser wavelength plays an important role in
determining the x, y and z resolution of the measurements and micrometer scale lateral resolution
is routinely possible. Figure 8 shows the schematic representation of the WITec Raman system

used.

Collection Fiber

532nm ijue Powerx L Optical Filter
Laser _ —j
[ : Excitation Fiber

USB line White Light—c
‘ c ~hars—ODbjective
Z-axis
ygf Sample Water drop
Raman Spectrometer Computer Motor inair and sample

* Controlling the laser power accurately

Figure 8: Schematic diagram of the WITec system with optical components and the light path [33].
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There have been many seminal articles that provide detailed information of the structure-
property relationship in Si. The strong vibration of the transverse optical (TO) phonon peak at
520.5 cm in the Raman spectra can be a useful indicator of the distortions in the lattice network
and is used to characterize crystalline Si (c-Si). The first-order Si peak is symmetric and has a
width of 3 cm™L. As the grain size in crystalline Si decreases, the Raman shift decreases, the width
increases, and the peak becomes asymmetric. Raman can also identify small clusters of Si atoms

because their structure is different from the crystalline phase [34-36].
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Figure 9: A) Schematic representation of Raman processes involving the scattering from c-Si, nc-
Si and a-Si with respective Raman spectra [37]. B) Raman spectra of c-Si (red), microcrystalline

and strained Si (green) and nanocrystalline Si (blue)[38].

Raman spectroscopy is highly sensitive to the structure of the Si in its various forms. For
crystalline Si the Raman spectrum is centered at 520.5 cm*. For microcrystalline Si, the Raman
spectrum is centered at ~515 cm™. For amorphous Si (a-Si), the Raman spectrum is centered at
480 cm. Figure 9A shows the schematic representation depicting various Raman processes
involving scattering from single phonon: c-Si, confined phonons: nc-Si and random phonon: a-Si.
Figure 9B shows the Raman spectra of bulk crystalline Si, microcrystalline Si and nanocrystalline
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Si peak. The Raman peak downshifted and broadened from those of bulk Si is attributed to the

phonon confinement effect [37].

The laser power plays an important role in Raman spectra. The Raman signal of a Si wafer
is a linear function of the laser power [39]. A strong laser power increases the local temperature of
Si and affects the Raman spectra. The bulk Si does not show any change because of the poorer

thermal conductivity of nano Si compared to the bulk Si. This is shown in Appendix A and C.

2100 0 100 200 300 400 500
Sample temperature (°C) Position (1m)

Figure 10: A) Raman peak shift vs monocrystalline Si temperature [40] B) Raman shift and
corresponding stress in Si near and beneath a 9.4 um wide SisN4/poly-Si line. At the top of the

figure, a schematic representation of the sample is provided [41].

Raman spectra is sensitive to the local temperature of the Si sample. The Raman peak of
Si shifts due to the strong dependency of phonons energy and occupancy on temperature [42]. The
variation of monocrystalline Si peak position in accordance with temperature is shown in Figure
10A. The increase in temperature leads to a decrease in the TO phonon peak position. With the
application of micro-Raman scattering, thermal conductivity in layered materials can be measured

nondestructively. Périchon et al., used the relationship proposed by Nonnenmacher and
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Wickramasinghe to measure the thermal conductivity of conductors and thin insulating films
deposited on top of conductors by thermal scanning probe microscopy. The following were
considered: the heat source diameter induces shallow heating, the layer thickness is at least one
order larger than the heat source diameter, the distributions of the isotherms within the layer is
hemispherical and heat losses in the air are negligible. The thermal conductivity of the layer can
be found by the simple linear relationship between the heating power P and the local temperature

Tj.

kg = — (1)

T alAT

where kg is the material thermal conductivity, a, the heating source diameter and AT = Tj - Ty. Tp
is the bulk temperature. With the proposed, the monocrystalline Si thermal conductivity was found
to be 63 W/mK at about 550 °C and then applied to porous Si layers. For a 50 um thick layer with
50% porosity, a thermal conductivity of 1 W/mK was found confirming the thermal insulating
properties of this material [40].

Raman spectroscopy provides information on the stress state of Si. With the application of
Raman microspectroscopy, micron scale mechanical stress can be characterized in micromachines
[43]. This would be reliable and comparable to the commonly used microscale stress measurement
methods. Microelectronics structure such as SisNa4/poly-Si lines on Si substrate observed through
Raman provides mechanical stress information which correlates well with the theoretical stress
models. Figure 10B shows the schematic representation of a device with Raman shift and
corresponding stress in Si near and beneath a 9.4 um wide SizN4/poly-Si line. The horizontal line

shows non stress or zero stress value. In general, a Raman frequency larger than the stress-free
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frequency indicates compressive stress in the sample, while a Raman frequency smaller than the
stress-free frequency indicates tensile stress. For a (001) Si surface and under biaxial loading

condition, the following equation can be used to calculate the stress based on the Raman shift [41].

BAws(em™) = —4 x 107° (2222) (Pq) (2)

Investigations on heavily doped P- and B- poly-Si reveals that for a fixed doping
concentration, the position of the Raman phonon lines does not change with increasing grain size.
In undoped poly-Si, the longitudinal optical-TO phonon line occurs at 517 cm-1, which corresponds
to a tensile stress of 750 MPa. The incorporation of B and P dopants causes the phonon peak to
shift towards smaller wave numbers. The Raman spectra of heavily doped poly-Si are distorted
due to a resonant interaction between optical phonons and direct intraband transitions of electrons
and holes in n-type and p-type specimens. Raman spectroscopy of Si has been combined with
electrical measurement techniques to provide valuable information on both materials and device
quality. For example, highly doped p-type Si in multi crystalline Si solar cells, have been analyzed
using a combination of Raman and electrochemical capacitance-voltage measurements. These
measurements revealed the free carrier as well as the dopant concentration profiles within the back
surface field region was a step-functional shape instead of the extended gradient shape which the
electrochemical capacitance-voltage measurements suggest [44]. As for the electrical
characterization of photovoltaic devices, the Raman Si crystallinity plays an important role.
Microcrystalline Si single-junction solar cells investigated through Raman and electrical
investigations show the open-circuit voltage linearly decreases as the average of the Raman
crystallinity factors . Raman crystallinity factor indicative of crystalline volume fraction is
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introduced and applied to the interface regions, i.e. to the mixed amorphous-microcrystalline layers

at the top and at the bottom of entire cells by top and bottom illumination [45].

While there are obvious advantages of combining Raman with electrical measurements,
additional instrumentation requirements limit the widespread adoption of the aforementioned
techniques. One possible approach which can reduce the burden of additional instrumentation is
by recognizing that the laser of the Raman system can be used to photoexcite carriers in the
semiconductor thus mapping the current generated, simultaneously. The measurement of
photocurrent with a rastering laser beam is termed as LBIC and, combined with Raman can provide
an integrated instrumentation platform linking semiconductor materials properties with device
characteristics. Thus, combined Raman and LBIC methodology provides an easy and integrated
system where no additional hardware is needed to conduct the LBIC part of the test other than for

extracting the photocurrent.

3.3 Laser Beam Induced Current

LBIC measurement is a non-destructive characterization technique used for testing the
electrical quality of semiconductors. A light beam is scanned over the surface of a photosensitive
semiconductor device creating electron-hole pairs. If the electron-hole pairs can be separated (via
internal or external electric fields), then the photocurrent generated can be measured. This
photocurrent is a strong function of the electrical quality of the semiconductor. High quality
semiconductors and devices thereof can generate high photocurrents. On the other hand,
semiconductors which have defects and impurities including unpassivated surfaces, inclusions and

grain boundaries lead to a loss of photocurrent. Measurements are repeated for various positions
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of the laser beam to produce an LBIC image of the device. Variations in the measured current is
converted to variation in contrast to form an LBIC image indicating electrically active and inactive
areas. LBIC is used as a quality control tool from module to cell level in inline diagnostics of solar

cells. A basic LBIC system set up is show in Figure 11.
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Figure 11: LBIC measurement set up [46].
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A brief literature review on LBIC on photovoltaics categorized into first generation, second
generation and third generation solar cells is given below. Figure 12A shows the solar LBIC map
at zero cell bias of a multi crystalline Si solar cell [47]. The figure shows the cracked edge of the
cell as well as the manufactured edge of the cell. The drop in induced current is ascribed to the
reduced shunt slope at the original manufactured edge.

The LBIC technique has been implemented in research as well as in production. There have
been research on LBIC modeling with multiple assumptions. Marek et al., presented a three-
dimensional calculation of LBIC currents at grain boundaries (GBs) modeled as a two-dimensional
plane of recombination centers [48]. Considering the surrounding semiconductor to be
homogenous and a minority carrier diffusion length, a light beam with finite width resulted in a

finite lateral extent of the pair-generation volume and allowed to widen with increasing depth due
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to the divergence of the beam. The depth dependence of the generation considered to be
exponential to the absorption coefficient. With the above considerations, the experimental LBIC
data on crystalline solar cells obtained at various wavelengths agreed with the theoretical
predictions.
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Figure 12: A) Solar LBIC map at zero cell bias over an area of 3.2 x 3.2 mm2 on the corner of a
cracked flat plate multicrystalline Si cell [47] B) LBIC maps of perovskites devices prepared by
1)single step spin 2) single step spray 3) sequential spins and 4) sequential spray/spin methods
[52].

LBIC has been used to show that porous Si layer treatment of crystalline Si solar cells can
passivate both the grains and grain boundaries. LBIC mapping revealed that the layer treatment
improved the quantum response and reduced the grain boundaries activity. Because of the
improvement of the minority carrier diffusion length and the passivation of recombination centers
at the boundaries, there was an LBIC enhancement. The internal quantum efficiency (IQE) range
shifted from 47 - 48% to 46 - 64% after the treatment, thus leading to high-efficiency crystalline

Si solar cells [49].
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Leite et al., studied CdTe/CdS solar cells to map the photocurrent generated at GBs under
different illumination conditions. The study revealed that the GBs were very efficient current
collectors and can be resolved by LBIC microscopy. Cross-sectional measurements showed a clear
dependance of the GBs transport properties with distance from the junction.

Probing devices under forward bias (Voc) is also possible and can be expanded to other
materials. This local measurement of the photoelectronic properties of GBs in thin-film CdTe solar
cells by LBIC is an important step to understand how GBs impact the device performance and to
map the diffusion length and recombination rates of the GBs that can be used to engineer a device
with enhanced Voc [11].

Musca et al., used LBIC technique to extract fundamental material and device parameters
for photovoltaic Mercury Cadmium Telluride (HgCdTe) devices. The LBIC signal was shown to
be strongly dependent on a number of material and device parameters such as surface
recombination, diffusion length and surface recombination velocity thus showing LBIC, the
candidate to characterize HgCdTe devices. Molecular-beam epitaxy (MBE) grown HgCdTe
includes growth regime of voids, triangles and microvoids. These features affect the performance
of devices fabricated within the vicinity of defects. Not all defects are electrically active such that
they provide a current leakage path to shunt the p-n junction of the individual photodiode.

LBIC as n nondestructive technique has been used to characterize the electrically active
defects in photodiodes arrays. The presence of a single leakage path within the p-n junction can
produce a vertical shift of the LBIC profile depending on the location along the junction of the

device structure. This can be used as an indicator to confirm the presence of the localized leakage
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in most situations. Thus, LBIC can be used as a screening tool for focal plane array production
lines [50, 51].

LBIC has also been employed in characterizing perovskites and polymer solar cells to study
the relationship between the solution processing method and the resultant morphology, film
uniformity and device performance. In situ degradation study of perovskite solar cells under high
humidity conditions is possible and can be performed through LBIC mapping. Perovskites
decompose in the presence of water and degrades when exposed to intensive light. The LBIC study
on devices with different perovskite absorbers and hole transport materials identified different
degradation mechanisms that can be used to improve device stability. Figure 12B shows LBIC
maps of perovskite devices prepared by various techniques. Single step coating (1 & 2) shows less
uniform LBIC signals than devices prepared by sequential methods (3 & 4). The loss of
Methylammonium iodide (MAI), a precursor used in preparing the device, causes the formation
of voids and defects during the annealing step [52].

Dye sensitized solar cells (DSSC), a type of photovoltaic cell based on a solid-liquid
interface are easier to make and cost less expensive. The application of LBIC technique in
characterizing DSSC was uncommon because of their configuration. In contrast to solid-solid
interfaces, DSSCs show a slow response to irradiance variations providing diffused images.
Francisco et al., presented a method to produce high resolution LBIC images of DSSCs using an
algorithm based on the kinetics of the discharge process of the irradiated zone. The method has
been experimentally used in obtaining more reliable information about relationship between the

structure of the cell and its conversion efficiency [53].
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LBIC has been widely used in semiconductors and photovoltaics to investigate non-
uniformities and defects. LBIC is very reliable, practical and can show differences in process
variations. The monochromatic light source is the commonality in both the instrumentation. By
using the light source from the Raman microspectroscopy instrumentation and with the addition
of an external data acquisition system for collecting the charge carriers, synchronous micron-
Raman and micro-LBIC can be performed. This will eliminate the need of instruments such as
Photovoltaic analyzer PVScan 5000, sample preparation and the cost. Structural defects will be
identified through Raman and electrically inactive areas will be characterized through LBIC in a

single modality.
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CHAPTER FOUR: INSTRUMENTATION
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Figure 13: Synchronous Raman and LBIC measurement setup.

The above figure shows the synchronous Raman and LBIC measurement setup. As
mentioned earlier, the central hypothesis of the work is that the laser source used for performing
Raman studies can be used simultaneously to measure LBIC for any photonic device. To
successfully integrate the LBIC measurement module using the Raman system laser, a custom
built LabView program was used. The program controls the Keithley source meter to collect
photocurrent generated from the solar cell. The Keithley meter is connected to the Transistor-
transistor logic (TTL) out cable from the Charge-couple device (CCD) to the Shutter. The
synchronous measurement is possible by using the Raman system to trigger the source meter to
measure current when required. The motorized XY stage moves to measure the Raman areal

mapping based on the users XY coordinates. As it moves from one point to another, the CCD will
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send out the TTL pulse signal to open shutter at each acquisition. Since the Keithley source meter
is connected to the TTL out, it measures photocurrent when triggered. With this setup, the
photocurrent collected by the LabView program is very well synchronized with the Raman

measurement thus, matching the Raman and LBIC measurements spatially in a solar cell.
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CHAPTER FIVE: RAMAN MICROSPECTROSCOPY OF A
MULTICRYSTALLINE SILICON SOLAR CELL

The contents of this chapter have been published in: J. P. Ganesan, N. Igbal, M. Krsmanovic, F.
Torres-Davila, A. Dickerson, K. O. Davis, L. Tetard and P. Banerjee, “Raman microspectroscopy

of a multi-crystalline silicon solar cell”, IEEE Journal of Photovoltaics, 2022.

5.1 Materials

Multi crystalline aluminum back surface field (Al-BSF) solar cell was obtained from
Canadian Solar®. From top to bottom, the layers were Ag contacts, a 75 nm SiNy layer as an anti-
reflecting coating (ARC), n-type Si as emitter, 180 pum p-type Si absorber and a thick 250 um thick

Al back contact. The methodology is provided in Appendix A.

5.2 Results and Discussion

Figure 14A shows the surface image of the multi crystalline solar cell. The presence of Si
nitride (SisN4) as an ARC makes the surface appear blue in color. Screen printed Ag fingers are
approximately 2 mm apart. Regions marked on this image were analyzed using Raman
microspectroscopy and will be described next. Region ‘B’ is the approximate region where
remnants of saw marks were visible. Region ‘C’ indicates the Ag finger on the solar cell coupon.
Region ‘E’ marks the presence of an inclusion found on the Si surface between two Ag fingers.
Figure 14B shows the saw mark region ‘B’. These saw marks appear to run parallel to each other,
characteristic of the wire-saw based process employed for wafering. Usually, saw marks are
removed during the surface texturing process. However, in this case, a small region (~2 mm?) still

shows remnant saw marks on the multi crystalline Si surface. Figure 14C shows the top down
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and, Figure 14D shows the profilometric cross-section of the Ag finger. The cross-section of the
Ag finger is approximately rectangular in shape. The fingers are ~ 30 um wide and ~ 10 um tall.
The sidewalls are slightly tapered with an angle of 60°. Next to the sidewalls there appears to be a
planar, ‘spill-over’ region that has leftover Ag from the firing process which is described in detail
below. Figure 14E and Figure 14F shows the optical profilometry image of the inclusion present

on the Si surface. The inclusion measures 20 um in the X direction, 45 um in the Y direction.
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Figure 14: (A) Surface image of a multi crystalline solar cell. Bus bar and Ag fingers are labelled.
Regions marked B, C and E correspond to approximate regions for scratch mark, Ag finger and
inclusion, respectively. (B) Optical profilometer image of scratch marks. (C) Optical profilometer
image of Ag finger. (D) 3D cross-section of the Ag finger region. (E) Optical profilometer image
of inclusion and (F) 3D cross-section image of the inclusion.

Figure 15A shows the Raman spectrum obtained on the multi crystalline Si solar cell
surface. The TO phonon peak is centered at 520.3 cm. The inset shows the micrograph of the

textured Si surface acquired under the microscope at a magnification of 20x. The 25 x 25 pm? red

26



2000 25 - - 770.0

(A) 520.3 (B) Intensity (cts)] ‘ /7
i B 7314

1500 5

~ 692.8

£ = )

c z )
£+ 1000 - 255 654.1
E ¥ | 6155
3 é “ 5.5
2 5004 i A £ 104 5769
b . LI AY sy % - ‘

J # y 5383
0 ‘. ) 499.6

T T T T T :
400 500 600 700 800 900 1000 —— T T 4610

1 5 10 15 20 25

Wavenumber (cm™) ’
Scan Width (um)
(C) 350 (D)

| Multi crystalline Si

300
2501 c-Si wafer

200

Count

150+
100 1004

50+

520.2 5204 520.6 25 3.0 3.5 4.0
El
Peak Position (cm™) FWHM (cm™)

Figure 15: Si Raman spectrum of the TO phonon peak centered at 520.3 cm-1. The inset shows
the surface of the textured multi crystalline Si solar cell surface. (B) Intensity map of a 25 x 25
mm2 red box from (A) which contains 961 data points. (C, D) Histogram distribution of peak
position (C) and FWHM (D) of the multi crystalline Si compared with a single crystal.

boxed region is mapped next. Figure 15B shows the XY contour plot of the variation of Raman
peak intensity. The variation in intensity on the multi crystalline Si surface is attributed to the
texturing process that causes the variation in the Si surface topology. Thus, regions in the plane of
focus cause higher peak intensities. Regions away from the plane of focus (either above or below)
cause lower peak intensities. The distribution of the peak position in a 25 x 25 um? area is shown
in Figure 15C. A MATLAB® code was written to extract the peak position and FWHM using a
Lorentzian fit. Recall that a total of 961 data points were acquired for this area scan. The peak

position varies from 520.2 cm™ to 520.6 cm™ and follows a Gaussian distribution. The peak
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position distribution of a multi-crystalline solar cell is overlayed over the peak position distribution
of a pristine, single crystal Si wafer and appear to be very similar. The similarity in the distributions
indicate similarity in the crystalline quality of Si between both samples. Since peak positions are
also indicative of mechanical stress in Si [41], these results indicate that the multi-crystalline Si is
stress free in the red boxed region of Figure 15C. As a further confirmation of this conclusion, in
Figure 15D the variation of full width at half maximum (FWHM) of the Si peak is overlayed over
the variation of FWHM of the pristine single crystal Si wafer. This variation is found to be in the
range 2.7 cm to 3.8 cm for both samples. Polycrystallinity and GB effects were not observed on
the multi-crystalline Si surface.

Figure 16A shows the micrograph of saw marks present on the Si. As stated before, the
saw marks are suspected to be remnants of an incomplete etching and texturing process which
otherwise should have removed the imperfections from the surface. The red boxed region
measuring 75 x 25 um? was mapped under the Raman microscope next. Figure 16B shows the XY
contour plot of the intensity of the Si. It is interesting to note that the saw marks do not register on
the intensity plot. This is possibly a result of the textured surface determining the surface topology
of the multi crystalline Si. Figure 16C and Figure 16D show the distribution of the peak position
and the FWHM of the Si peak, respectively. A MATLAB® code was written to extract the peak
position and FWHM using a Lorentzian fit. These are overlayed with the distribution of peak
position and FWHM from the multi crystalline textured Si shown in in Figure 16C and Figure
16D. It is important to note that since the areal mapping of the saw marks region is larger (75 x 25
um?) than the region without saw marks evaluated previously in Figure 15 (25 x 25 um?), the

histogram for the saw marks were sampled to match the size of the evaluated region without saw
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marks i.e., 25 x 25 um? = 961 data points. Both the peak position and the FWHM are shifted to a
higher value for the saw marks region, indicating that in the presence of the saw marks the Si is
under compressive stress. Similar Raman shifts indicating residual compressive stress have been
reported when analyzing Si swarf from the sawing process [54]. Further, the peak position and
FWHM distributions are wider for the saw marks region. FWHM are an indicator of the crystalline

quality of the Si and performing statistical analysis of Raman data helps to delineate these

differences.
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Figure 16: (A) Region of Si solar cell indicating saw marks. The 75 x 25 um? red box is the region
in which Raman mapping was conducted. (B) Contour plot of Raman intensity shows no
indication of the saw marks. (C, D) The distribution of peak position (C) and FWHM (D) from

area mapping for multi crystalline Si only and Si with saw marks regions.

Figure 17A shows a single Raman spectrum at the edge of the Ag finger shown in the inset
with a ‘+’ mark. The spectrum consists of two peaks. The primary peak is the TO phonon
belonging to Si at 520.3 cm™* and the weaker, broader peak is at 680 cm™*. The peak at 680 cm™ is
attributed to the vibration of Ag[O-0]% bond in Ag-0 [55]. The origin of Ag.0 can be attributed

to oxidation of Ag during the firing process [56, 57].
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Figure 17: (A) Raman spectrum of the silver line on the ‘+’ mark in the inset shows two peaks —
one at 520.3 cm™ corresponding to the underlying Si and another, weaker peak at 680 cmwhich
corresponds to Ag20. (B) Contour plot of the intensity of 520.3 cm! peak shows the presence of
Si around the silver line. The ‘oxide’ zone is labeled which shows diminished Si intensity. (C) The
intensity of the 680 cm™* peak is shown which appears concentrated above and in the vicinity of
the silver line. (D) 3D profilometer image shows the oxide zone and the dotted lines are
approximate positions of representative Si and Ag-0 line scans which are provided as intensity
plots in (E) and (F), respectively. From the drop in Si intensity and, assuming the absorption
coefficient for Ag.0 to lie between 0.00078 and 0.0012 nm- it is possible to estimate the thickness

of Ag20 in the oxide zone.

Figure 17B shows the areal mapping of the Si peak intensity from the red boxed region in
the inset of Figure 17A. At distances > 15 um from the edge of the Ag line, the Si peak intensity
is relatively uniform. As the laser approaches the Ag line, the Si peak intensity starts to decrease.
Once the laser is atop the Ag line, the Si peak disappears completely, as expected. Our region of
interest is in the transition region where the Si peak intensity gradually decreases. Here, we note

that since the laser spot during the raster does not overlap with the previous spot, the information
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obtained at any given XY coordinate is expected to be free of neighboring site effects and thus,
signal deconvolution is not needed. The drop in intensity of Si can thus be attributed to
compositional changes occurring at the site of interest.

The drop in Si peak intensity is attributed to residual Ag20 on the surface which absorbs
part of the laser intensity. The region is highlighted in Figure 17B as an ‘oxide zone'. This is not
unreasonable since Ag20 has a band gap of ~2.50 eV [58] and is likely to absorb a certain fraction
of photons at a wavelength of 532 nm (i.e., photons with energy, 2.33 eV).

To establish the idea of an oxide (i.e., Ag20) zone which is wider than the Ag line, we plot
the Ag20 peak intensity as an area map in Figure 17C. The dotted lines indicate the edges of the
Ag finger and, where the Si peak intensity reaches zero. Clearly, the Ag.O is detected well beyond
the Ag line. Additionally, in Figure 17D we highlight the 3D optical profilometry results of the
Ag line. The oxide zone appears as a discolored region neighboring the Ag line.

A line scan is conducted on the Ag line as indicated in Figure 17D. The data is plotted in
Figure 17E. As mentioned previously, the Si peak intensity drops while approaching the Ag line.
Simultaneously, the Ag.O peak intensity increases in value. Along the Ag line, where the Si
intensity is nearly zero, the Ag2O peak intensity varies depending on the thickness of oxidized Ag
on the surface of the finger.

We use the following approach to estimate the thickness of the Ag.O left behind in the
oxide zone. First, we assume that the Si peak intensity is a linear function of the laser intensity
[39]. That is, the drop in the Si peak intensity is directly proportional to a corresponding drop in

the laser intensity. Thus,
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where |, Ipgmansi " the maximum Raman intensity of Si obtained at a laser intensity of I,
(30 mMW), Iraman,si is the Raman intensity of Si at a given coordinate XY with laser intensity /;¢,
(< 30 mW). According to equation 1, if the laser intensity decreases due to absorption from an
overlying film there will be a proportional decrease in the Si Raman peak intensity.
We further assume the drop in laser intensity is due to absorption in the Ag.O layer. This allows
one to apply Beer-Lambert’s law to estimate the thickness of Ag20O film (‘z’) in the oxide zone.
This is given as,
laser = Ifusere™ (4)

where « is the absorption coefficient and z is the thickness of the oxide. In equation 2, I;,cer IS
obtained from equation 1. To apply Beer-Lambert’s law to estimate z, the absorption coefficient
of Ag20 at 532 nm must be known. Unfortunately, in literature the absorption coefficient of Ag.O
is rather uncertain. Heat-treated Ag.0 films have an absorption coefficient at 532 nm in the range
0.00078 to 0.00122 nm [59]. Thus, these two values serve as the upper and lower limit of the
absorption coefficient. Because of the range of the absorption coefficient, the estimated thickness
z of the Ag20 film can, at best, be estimated within a range.

The result of this approach is shown in Figure 17F. For clarity of understanding, the
original Ag-O Raman peak intensity is plotted again on the left-Y axis and is the same data plotted
in Figure 17E. This plot provides the Ipgmansi" t large distances from the Ag line edge) and

Iraman,si- Overlaid on this plot are the estimated Ag2O film thickness range as obtained using the
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upper and lower values of absorption coefficient from equation 2. The thickness data shows that
up to ~ 200 nm of Ag20 can be found 25 um away from Ag lines.

One possible reason for the presence of the Ag>0 up to 25 um away from the lines could be the
initial application of Ag paste during the screen-printing process. The Ag paste application may
have a lateral spread greater than the targeted line width (~ 30 um) obtained after the firing step.
During the firing process, the volatile components are removed from the paste while the metallic
components sinter and shrink laterally leaving residual Ag>O behind.

In Appendix C, we provide the scanning electron microscope energy dispersive x-ray
spectroscopy (SEM EDX) data of a similar, Ag line with elemental mapping. Of particular interest
is the O- map which clearly detects O beyond the width of the Ag line. This adds further support
to the claim of detecting Ag>O on multi crystalline Si surfaces using Raman. In Appendix D, x-
ray photoelectron spectroscopy (XPS) of the Ag line is presented, showing a Ag* shoulder on the
3d peaks. XPS indicates ~15 at % oxide on the surface of Ag lines. These data add further support
to the claim of detecting Ag.0 on multi crystalline Si surfaces using Raman.

Figure 18A shows a micrograph of an inclusion as seen under the Raman microscope. This
inclusion is previously shown in Figure 14E and Figure 14F as profilometry images. Recall that
the 3D image appears to show this inclusion embedded inside the multi crystalline Si surface.
A line scan was conducted from X - X'. In Figure 18B, a series of twelve individual Raman
spectra are sampled from X (at the bottom) to X' (at the top). Each scan is 1.6 um apart. At point
X just outside the inclusion, the scan consists of a sharp peak at 520.3 cm™ assigned to crystalline
Si (c-Si). As the scan position moves over the inclusion, an additional broad peak appears on the

lower wavenumber side. As the probe moves over the inclusion the peak position changes from
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504.0 cm™ to 492.0 cm™. Approaching X', the broad peak subsides, and the c-Si peak sharpens

again.
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Figure 18: (A) Microscope image of inclusion with XX’ showing the line scan and red box
indicating the area scan. (B) A series of twelve spectra taken across XX’ showing the transition
from c-Si to nc-Si and back to c-Si. (C) XY mapping of the peak intensity for c-Si (D) XY mapping
of the peak position for nc-Si. The color scale shows the intensity. (E) c-Si peak intensity from (C)

overlayed on the microscope image from (A) showing the interfacial region between YY' and ZZ'.

Peak shifts to lower wavenumbers in the TO phonon mode of the Si result from i) tensile
stress, ii) phonon confinement due to nanocrystallinity or, iii) temperature changes to the sample.
In the case of nanocrystalline Si (nc-Si), these effects are complex. This secondary Si peak belongs
to nc-Si which lies between c-Si (520.3 cm™) and the fully amorphous Si (a-Si) peak at 480.0 cm-
1160, 61]. Based on past work, the inclusion represents a Si swarf — a possible remnant of the Si
ingot sawing process [54, 62]. Here, the c-Si is converted to nc-Si due to the extreme stresses
involved during sawing.

To confirm the presence of the nc-Si phase, the Raman peak intensity was measured as a

function of the laser power for, 1) c-Si adjacent to the inclusion, and 2) the nc-Si inside the
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inclusion. This data is shown in Appendix E. For c-Si, the peak position and FWHM does not
vary as laser power varies from 0.87 to 24.3 mW. This is expected since, as shown in Appendix
B, the temperature rise at 10 mW in Si is negligible. On the other hand, the peak position and
FWHM of nc-Si is a strong function of laser power. At very low laser power (0.87 mW), the peak
position and FWHM match that of c-Si. However, with increasing laser power (4.4 mW and
higher), the peak position drops to lower wavenumbers and the FWHM increases.

The decreasing wavenumber of the Raman peak associated with the inclusion can be
explained based on the different thermal conductivities ( k_s) of c-Si and nc-Si. Room temperature
bulk Si kg is 150 W/m K whereas, recent ab initio results matching experimental data indicate nc-
Si with 20 nm grain size can exhibit a k; = 8.4 W/m K; a 17.8x reduction compared to bulk c-Si
[40, 63]. The difference in thermal conductivity is a result of the high GB scattering of phonons in
nc-Si [64] indicating that heat dissipation in nc-Si is significantly reduced, producing higher
temperatures as compared to c-Si, under the same laser power. Thus, the peak position and FWHM
is a strong function of laser power in nc-Si.

The peak intensity of the c-Si and nc-Si phases at laser power 25 mW are mapped in Figure
18C and Figure 18D, respectively. The areal mapping is obtained from the red boxed region in
Figure 18A. Here the c-Si peak is found to vary from 520.4 cm™ to 519.3 cm™, indicating tensile
stress around the inclusion [41]. The broad nc-Si peak, on the other hand, varies from 511.2 cm™?
to 492.0 cm™. A significant aspect of these areal maps is that the ¢-Si peak intensity reduces in its
value at least 2 - 5 um away from the observed physical edge of the inclusion. At the same time,

the nc-Si peak intensity increases. Thus, the coordinates for which the c-Si peak intensity reduces,
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and nc-Si has non-zero peak intensities appear to occupy an area much larger than the physical

dimensions of the inclusion.

The above effect cannot be an artifact of measurement at phase boundaries usually
associated with raster-based mapping techniques under a microscope. There are two reasons for
this. First, the laser spot size of 800 nm (for 10x objective) is less than the width of the observed
transition region of 2 — 5 um. This implies the spatial resolution of the measurement exceeds the
feature size observed. Second, the raster step of 1.6 um is programmed to ensure any two
neighboring laser spots do not overlap with each other. This avoids signal convolution from

neighboring spots.

o

Figure 19: (A) Top left shows the microscope image of an inclusion with the scan area used for
confocal imaging. Confocal XY scans at various Z depths (-4 um < Z <+ 12 um) of the inclusion
are shown. (B) 3D Raman reconstruction of the inclusion. Note: green region is Si and red region

is nc-Si.
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The peak shift to the lower wavenumber for c-Si indicates tensile stress around the
inclusion. While the formula for estimating the stress is known under a biaxial state of stress [41],
we refrain from calculating this stress due to the complex shape of the inclusion itself. This
transition zone is mapped in Figure 14E over the original microscope image of the inclusion. The
region between the borders YY" and ZZ' indicates the region where the c-Si is under tensile stress
and suggests that the inclusion consisting of nc-Si interacts strongly with underlying c-Si substrate.

The inclusion described above was subjected to confocal Raman mapping as it provides a
non-destructive technique for observing sub-surface structure and obtain a 3D map of the
inclusion. Confocal mapping was done with a 785 nm laser that, as stated before in the
experimental section, allows for a penetration depth of 10 um and is ideally suited for confocal
microscopy in Si. The results are shown in Figure 19A as a series of XY intensity plots for different
Z heights. At Z = - 4 um, the laser cannot detect any part of the Si solar cell. As the sample height
is dropped (i.e., focal plane of the laser raised) by 4 um to Z = 0 um, both the Si substrate and the
inclusion can be seen.

The green color corresponds to the ¢-Si peak (519.0 cm™ < » < 520.5 cm?) while the red
corresponds to the nc-Si (492.0 cm™ < w < 511.0 cm™). Intensities for both Si substrate and the
inclusion increase for Z = + 4 um and the inclusion can be clearly seen at this Z height. The dark
band through the middle was a result of using a high power from the laser that led to partial damage
of the inclusion. Further increasing the height to Z = +8 um shows the inclusion but does not
illuminate the substrate in equal proportion, implying that the focal plane of the laser lies beyond
the DOF of the objective and above the Si surface. This observation is in line with the profilometry
image (Figure 14E and Figure 14F) which shows the inclusion to protrude beyond the Si solar
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cell surface. Furthermore, the confocal data identifies the inclusion as nc-Si. Finally, at Z = +12
um the laser focal plane is far removed from both the inclusion and the Si substrate and are barely
detected via mapping. These individual maps can be vertically stacked and represented as a 3D
image as shown in Figure 19B, clearly highlighting a nanocrystalline inclusion embedded on a Si
solar cell surface. Thus, confocal Raman microspectroscopy can be a powerful, non-destructive

metrology tool to evaluate features in 3D as well as probe sub-surface features in Si solar cells.

5.3 Conclusion

Raman microspectroscopy has been used successfully used to characterize multicrystalline
Al-BSF Si solar cell. Four prototypical regions were scanned and analyzed. The results
demonstrate the utility of Raman microspectroscopy in obtaining insights into the surface and sub-

surface quality of Si solar cells, defect detection and characterization.
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CHAPTER SIX: RAMAN MICROSPECTROSCOPY OF A DAMP HEAT
TESTED MULTICRYSTALLINE SILICON SOLAR CELL

6.1 Materials & Methodology

A damp heat tested solar cell of the same configuration as explained in Chapter 5.1 was
used. Figure 20 shows the fresh and damp heat tested solar cell. The bus bar on the damp heat
tested cell is peeled off. Damp heat (DH) test consist of leaving solar cells in chamber at 85 °C
and 85 % relative humidity for several hours. Damp heat test was performed on the multi
crystalline Al-BSF sample according to IEC 61215-2:2016 international standard. The test
sequence is 2 cycles of DH1000 exposure (1000 hours of exposure per cycle) followed by 3 cycles
of DH400 exposure (400 hours of exposure per cycle). The final cumulative stress is DH3200
(total 3200 hours of DH exposure). The methodology for Raman measurement set up is similar to
Chapter 5.2. The number of Raman spectra varies respective of the dimension of areal mapping
and the magnification used. Two regions were scanned and analyzed — first, a crack propagating

on the Si surface and second, the region with silver fingers.

Fresh solar Damp heat tested solar
cell cell

Figure 20: Fresh and damp heat tested cored out Al-BSF multicrystalline Si solar cell.
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6.2 Raman characterization of Silicon surface

There are clear visual differences observed in the DH tested cell as compared to the control
(untested cell). First, upon visual inspection the DH tested sample is slightly darker blue in color.
An optical microscope-based examination also reveals a few micro-cracks on the surface of the
DH tested sample. Raman microspectroscopy was used to understand the stress state of the Si
around these cracks.

There are numerous reasons for the formation of cracks on the surface of a PV module.
Micro-cracks in a PV system are caused by environmental conditions such as thermal cycling,
humidity, cyclic pressure loads, wind loading, snowfall and hail. Such defects can cause inactive
parts in the PV system that could lead to varying degrees of performance loss [65]. Micro-cracks
in the cell, defects related to busbar contact, screen printed Ag finger and observation of inclusions
on the surface of Si are the most common defects that can be detected with the help of EL, PL and
LBIC [66-69].

We hypothesize that the extreme conditions of the damp heat testing i.e., thermal cycling
is responsible for the formation of cracks in the DH tested cell [70]. Although the Raman signatures
of the Si surface between the fresh and damp heat tested solar cell did not show any significant
differences, the mechanical stress around the crack can be easily characterized. This is because, as
stated in Chapter 3.2, the peak position of the Si TO phonon readily provides a measure of the

stress state of Si. In particular -
Awz(cm™) = —4 x 1079 (@) (Pa) (5)

Thus, by monitoring the peak position of the Si around the crack, the stress state of the Si

can be observed.
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Figure 21: (A) Optical micrograph of a crack observed on the surface of the damp tested solar cell.
(B) The map of the Raman peak position of Si provides a direct conversion to an equivalent stress

map of the red boxed region.

Figure 21A shows the optical micrograph of the micro-crack taken under Raman
microscope. The crack is clearly seen extending beyond the red boxed region. We measure the
length of the crack to be ~ 125 um with a maximum width of ~ 1.4 um. It is interesting to note
that the crack propagates from the bottom of the scanned region, but in the middle the crack slowly
deflects towards the left at region marked ‘A’.

To find the mechanical stress variation, an XY scan of the red boxed region was conducted.
While it is possible to conduct a confocal measurement, here we will only focus on a planar XY
mapping. The peak position information for the red boxed region is extracted using a custom-built
MATLAB code and using the equation provided in the previous page. The respective stress map
is plotted as shown in Figure 21B. The black dotted line indicates the crack on the stress map. The
crack shows a minimal tensile stress of 0.5 MPa (corresponding to a minimum wave number of
520.49 cm™) whereas there is a localized region of high tensile stress corresponding to 388 MPa

(a wavenumber of 519 cm™) along the crack front (marked as ‘A’ in Figure 21B). Further, the
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region marked as ‘B’ is generally shown to develop a compressive stress with the maximum
compression of -56 MPa (corresponding to a wavenumber shift to 520.7 cm™). Thus, the Raman
mapping provides a comprehensive stress map in and around a crack as it propagates on the surface
of a solar cell. It is also interesting to note that while the extent and magnitude of tensile stress is
quite large, the compressive stress magnitude is relatively small and present in a well-defined
region of the scanned area only.

Muhlstein proposed the term “reaction-layer fatigue” based on the investigation of growth
of indentation induced cracks under cyclic loading in Si-based microelectromechanical systems
(MEMS) in ambient air. A native Si oxide layer grows under the influence of local high stresses
and laboratory humidity conditions. This Si dioxide is prone to stress corrosion cracking [71, 72].
As the cracks grow, new Si surface is revealed leading to further growth of the oxide layer. The
crack in the native oxide layer penetrates the Si and grows across the specimen. We note that in
the current DH3200 sample, the oxidation rate could be much severe, given that the testing
environment is 85 % RH at 85 °C for 3200 h. This could influence the crack propagation along the
surface of the Si wafer.

Danilewsky studied indentation induced crack propagation and fracture in Si wafer under
thermal stress at 827 °C for 1500 seconds. Using in situ X-ray diffraction (XRD) it was observed
that the strain accumulation occurs under thermal stress when a micro-crack is pinned. The pinning
occurs because the strain energy associated with elastic region ahead of a crack tip is relatively
low compared to the energy required for creating a fresh surface. [73].

In the case of the DH heat tested cell, we note that there is a 75 nm SisN4 layer above the

Si surface. Chemical vapor deposited (CVD) SisN4, in general, are known to have built-in tensile
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stresses [74, 75]. Diffusivity of moisture in SisN4 layer is possible as is shown by Lee et al [76].
From the diffusivity values provided at 150 °C (2x10* cm?/sec) and activation energy (2.1 eV),
we estimate the diffusivity of H>O at 85 °C is 6.014 x 102 cm?/s. For a 75 nm film the penetration

time is therefore given to be

t=%2=1624h0urs (6)
This calculation shows that during the time of the test (3200 hours), water can penetrate
the SizN4 film and cause swelling.
Therefore, it is feasible that the moisture penetrates through the SizNa layer. This could
lead to the swelling of the nitride to create stresses at the interface between SizN4 and Si which
would be tensile in nature. This fact is corroborated, in general, by observing that the crack shown

in Figure 21B has tensile stresses adjacent to the crack. A region of compressive stress in region

‘B’ helps the crack to be slowly deflected towards the left.

6.3 Raman characterization of silver metallization

As expected, the Ag metallization undergoes oxidation as the solar cell is damp heat tested.
However, we show that Raman micro-spectroscopy can clearly identify and map the oxide
produced due to damp heat testing. Further, this oxide is chemically different from the oxide that

results from the firing process, post-application of the Ag electrode paste.

Figure 22A shows the optical micrograph of silver metallization of a damp heat tested
solar cell. The ‘+> marks show where single spot measurements were taken. The color labels red

and blue, correspond to the colored Raman spectra in Figure 22B and Figure 22C, respectively.
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In Figure 22B, the Raman spectra of the untested solar cell is also shown in black. It is
clear from the graph that the 680 cm™ peak of tested solar cell is sharp and has higher intensity
compared to the broad 680 cm™ of fresh solar cell. This indicates well-formed crystalline Ag,O
phase for the damp tested cell. Thus, the presence of moisture and low heat conditions can lead to

crystallization of the Ag.0 phase.
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Figure 22: (A) Optical micrograph of a silver metallization of a damp heat tested solar cell. The
‘+” indicates the region of the acquired Raman spectrum (B) Raman spectrum comparison of a
fresh and damp heat tested solar cell. The peak 680 cm™ is sharp and intense compared to the
unused cell. (C) Raman spectrum at the wall of silver metallization showing a sharp peak at 870

cm indicating the presence of v(Ag-O) bond.
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Figure 23: (A) Optical micrograph of the silver finger. The red boxed region indicates the areal
mapping region (B) XY mapping of intensity of the silver oxide peak — 680 cm™ (C) XY mapping
of intensity of the silver oxide peak — 870 cm™.

In Figure 22C, the Raman spectra of the two ‘+’ spots (red — close to the Ag finger; blue
— away from the Ag finger) are compared. In addition to the 680 cm! band, a sharp peak at 870
cm is also observed. This sharp peak can be attributed to the v(Ag — O) bond of silver oxide and

is not present on Ag fingers of untested solar cells [55].

Literature on silver — oxygen interaction suggests that silver is not oxidized by O in
ambient conditions [77, 78]. Only molecular or atomic oxygen is chemisorbed on the surface in
three different atomic species: weakly chemisorbed surface atomic oxygen, atomic oxygen in
subsurface and strongly chemisorbed surface atomic oxygen [77] [79].

Wiesinger et al., have studied the influence of relative humidity on atmospheric silver
corrosion [80]. Although the experimental conditions were not entirely comparable: RH of 0 %,
50 % and 90 % for 3 h, 6 hand 24 h at 22 °C, the study provides relevant insight into the corrosion
mechanisms of silver. Their results showed that the RH favors the formation of 810 cm™, attributed

to the Ag — O stretching vibration of the strongly chemisorbed surface oxygen. Certain Raman
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bands were well developed as a function of RH % and time. The high intensity of the 810 cm
band could be attributed to two mechanisms:

1. Increased formation of oxide species on the surface

2. Effect of surface enhancement caused by the restructuring of surface due to the strong
interaction of oxygen species [81, 82]

The peak at 870 cm™ observed on the ‘spill over’ region and away from the Ag line could,
therefore, be attributed to the strongly chemisorbed surface oxygen species as the conditions were
RH 85 % at 85 °C for a total of 3200 h.

To understand the spatial distribution of the oxide phases on the Ag line, Raman area
mapping was performed. Figure 23A shows the optical micrograph of the silver finger of a damp
heat tested solar cell. A 100 x 20 pm? area was mapped under Raman microscope indicated by the
red box. The XY intensity mapping of peak 680 cm™ is shown in Figure 23B. Figure 23C shows
the XY intensity mapping of peak 870 cm. The peak 680 cm™ is found to be present on the Ag
line whereas the peak 870 cm™ is seen over the ‘spill over’ regions. The sidewalls generate strong
responses from both the 680 cm™ and 870 cm™* bands as the signal acquisition occurs parallel to
the sidewall surface.

We observe that the intensity and distribution of the oxide phase on top of the Ag line is
relatively low when compared to Figure 17C (untested sample). This is likely attributed to the
shorter depth of focus of 20x magnification compared to 10x magnification used in the untested

cell Ag metallization Raman areal mapping.
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6.4 Conclusion

Raman microspectroscopy has been used to characterize a DH tested solar cell. Two
regions — a crack propagating on the Si surface and the region with silver fingers were analyzed.
First, it is proposed that the DH test caused moisture penetration through the ARC layer causing
tensile stress in the nitride layer which may lead to initiation and propagation of the crack. Second,
regions of compressive stress in the Si are shown to deflect cracks. Third, Raman on the DH tested
cell Ag metallization is compared with tested solar cell. It is shown that the DH testing produces
increased oxide species formation with a higher degree of crystallinity and stronger interaction

with oxygen.
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CHAPTER SEVEN: SYNCHRONOUS RAMAN
MICROSCPECTROSCOPY AND LASER BEAM INDUCED CURRENT
MEASUREMENTS OF A POLYCRYSTALLINE SILICON SOLAR CELL

We have established that Raman microspectroscopy is a powerful tool to
characterize defects in a solar cell (Chapter 5) and is sensitive to material differences upon
degradation (Chapter 6). In this chapter, we exploit the laser beam used to make the Raman
measurements to concurrently perform LBIC measurements. The approach of Raman + LBIC can

be broadly applied to the field of optoelectronic devices where structural, chemical and electrical

results can be correlated in a “single shot” measurement modality.

7.1 Materials & Methodology

A polycrystalline Si solar cell with EVA encapsulation layer purchased from Aoshike Tech
was used for Raman and LBIC measurements. Before performing any measurements, the EVA
encapsulation layer was removed to avoid diffused scattering of the incident and reflected laser
beam. Preliminary measurements confirm that the EVA layer is too thick. The solar cell was
immersed in dichloromethane (anhydrous, 99.99%, contains 40 -150 ppm amylene as stabilizer)
solution for 3 hours to dissolve the polymer layer. Raman spectroscopy before and after EVA

removal confirmed that there is no residual EVVA left on the Si surface.
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Figure 24: Polycrystalline Si solar panel showing part of the EVA polymer layer removed.

7.2 Instrumentation

The instrumentation details are provided in Chapter 4.

7.3 Raman and LBIC on Laser Induced Damage

To first understand the sensitivity differences and correlation between Raman and LBIC,
controlled damage to the surface of a multicrystalline Si cell was induced by laser damage. A
Tykma® MiniLase Laser Marking System with a 1064 nm laser is used to mark a 2 mm line on
the Si surface as a function of laser power from 10 % to 100 %, where the maximum laser power
is given as 15.91 mW/cm?2,

The control samples served as a 32 x 32 um? control area, free of defects. This region was
analyzed under Raman microscope while LBIC was synchronously recorded. Figure 25A shows
the optical micrograph of the control area. Figure 25B shows the XY intensity mapping of Si. As

observed in the multicrystalline Al-BSF solar cell presented in Chapter 5, the variation in Si
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intensity mapping is reflective of the Si surface topology attributed to the texturing process. Figure
25C shows the XY LBIC mapping. It is interesting to see the texturing lines are recorded on the
LBIC mapping as well. Figure 25D shows the distribution of photocurrent values. The current is
a ‘positively skewed”’ distribution. In these situations, the mode and range of the distribution are
the best statistic for analysis. The mode is 1.01 pA. The photocurrent range (max — min = 1. 26
MA - 0.96 pA) is 0.30 pA. The positive skew indicates a mature technology for the solar cell where

the majority of the photocurrent is limited at a minimum value of 1 pA or higher.
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Figure 25: (A) Optical micrograph of a control area without any laser damage. The red boxed
region indicates the Raman areal mapping (B) XY mapping of Si intensity (C) XY mapping of
LBIC (D) Distribution of photocurrent values from the LBIC mapping inside the region.

Figure 26 shows the optical micrographs of laser induced damage on the Si surface as a

function of power: (A) 10 % (B) 20% (C) 40% and (D) 60% (E) 80% (F) 100%. The visual
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signature of the damage induced by 10% and 20% laser power is not readily observable on the Si
surface as compared to the higher laser power. It is interesting to note that with increase in laser

power, the edge of the damage line extends farther away from the intended damaged line.

Figure 26: Optical micrograph of laser damaged Si surface with a laser power of (A) 10 % (B) 20
% (C) 40 % (D) 60 % (E) 80 % (F) 100 %.

Figure 27 shows the XY mappings of Raman Si intensity acquired from the laser damaged
spots on the Si surface as a function of power: (A) 10 % (B) 20% (C) 40 % and (D) 60 % (E) 80
% (F) 100 %. The intensity mapping reflects not only the surface topology owing to the texturing
process but also the laser damaged edges. The vertical lines running through the intensity mappings
are attributed to the texturing process. The effect of plane of focus in regions away from the plane
of focus (either above or below) cause lower peak intensities. The laser damaged spots of sample
40 %, 60 %, 80 % and 100 % show lower Raman intensities compared to the damage free Si

surface and is overall very reflective of the optical micrographs.
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Figure 28 shows the LBIC XY mappings of the red boxed region shown in Figure 26
respective to the laser power from 10 % to 100 %. As observed in Figure 26C control area, the
texturing lines are recorded on the photocurrent mapping. Visually observing the LBIC indicates
that major differences only show at 40% (6.36 mW/cm?) and higher laser power. Under these
higher laser power conditions, there is a distinct drop in LBIC corresponding to the damaged region
in the microscope images of Figure 26.

The range of photocurrent values is calculated as a function of laser power and is provided
as a table below along with other Raman and LBIC parameters. The control region range has a
minimum difference of 0.3 A compared to the laser damaged regions. This reveals that the LBIC
measurements acquired via Raman microspectroscopy can identify performance loss points

effectively.
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Figure 28: LBIC mappings of the red boxed region shown in Figure 25 (A) 10 % (B) 20 % (C) 40
% (D) 60 % (E) 80 % (F) 100 %.

Figure 29 shows the distribution of photocurrent values from LBIC mappings as a function
of laser power. Compared with the control, the sample 10 % distribution is very similar and
concentrated closer to 1 pA. With the increase in laser power from 10 % to 20 %, the distribution
widens owing to the laser damage which is not very clear from the Raman intensity mapping. The
photocurrent values for a 40 % laser damage have a wider distribution concentrated over the
minimum current range i.e., leftof 1 gA. For Figure 29D, 29E and 29F, we can see that the highest
concentrated photocurrent value is ~ 1 pA. We also observe a bimodal distribution arising from
the photocurrent values acquired over the damaged spots (bottom half of the mapping in all
samples as seen in the optical micrographs). As we increase the laser power from 60 % to 80 %,
we can clearly see that the lower photocurrent value concentration increases indicating that the

performance loss is high in the 100 % sample.
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Table 1: Raman and LBIC parameters as a function of laser power.

Laser power Power Raman Si LBIC range LBIC mode
(%) density intensity range (HA) (LA)
(mW/cm?) (cts)
Control - 237 0.3 1.01
10 % 1.59 708 0.88 1.01
20 % 3.18 294 0.52 1.02
40 % 6.36 271 0.6 0.958
60 % 9.54 376 1.13 1.01
80 % 12.73 466 0.8 1.01
100 % 15.91 574 1.09 1.1
=1 (A) 1.59 mw/ecm? | “ (B) 3.18 mw/cm? ™ (C) 6.36 mw/cm?
Eoo Foo 5
: (D) 9.54 mw/cm? : () 12.73 mw/cm? :: (F) 15.91 mw/cm?
8400 Ej:: 5150

Lrs 0.8 o8 10 12 14 18 04 08 0.8 10 12 04 [ 0.8 10 12 14
Photocument (uA) Photocurrent (uA) Photocurrent (uA)

Figure 29: Distribution of photocurrent from the LBIC mappings shown in Figure 26 (A) 10 % (B)
20 % (C) 40 % (D) 60 % (E) 80 % (F) 100 %. In each graph, the extrema of the X scale correspond

to the minimum and maximum values of the corresponding dataset.
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spots as a function of power: 10% - 100% with control: 0%.

Figure 30A shows the comparison of Si Raman intensity of laser induced damage spots as
a function of laser power. Figure 30B shows the comparison LBIC of laser induced damage spots
as a function of laser power. There is no definite trend observed from both Raman and LBIC ranges
across different laser damaged spots. This is attributed to the selection of all datasets from the red
boxed region which includes both damaged and undamaged Si regions.

From a much closer observation from Figure 30B, it appears that with the increase in laser
power of the induced damage, there is a decrease in photocurrent. Observing the LBIC plot, major
differences only show at 40% (6.36 mW/cm?) and higher laser power as seen in LBIC mappings.
This is only attributed to the performance loss points related to the damaged Si region. Although
it is tempting to conclude that LBIC is more sensitive to solar cell degradation, more strenuous
analysis is required to find the sensitivity of Raman and LBIC in characterizing solar cell

degradation.
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7.4 Raman and LBIC on other defects

Figure 31A shows the optical micrograph of a defect observed on the surface of solar cell.
Figure 31B shows the XY intensity mapping of Si. The black dotted line marks the presence of
the defect. As observed in the multicrystalline Al-BSF solar cell before, the variation in Si intensity
mapping is reflective of the Si surface topology attributed to the texturing process. Along the line
of the defect, the intensity drops to a minimum. This could be the effect of plane of focus as regions
away from the plane (either above or below) cause lower peak intensities. Figure 31C shows the
XY peak position mapping of Si. The peak position along the defect shifted to the higher wave
number indicating that there are small amounts of crystal strain (compressive stress) along the

defect.

Intensity (cts)

(A)
Defect

-l e | .
2 16 20 24 28 32 2 16 20 24 2B R
X (um) X (um)

Figure 31: (A) Optical micrograph of a defect. The red boxed region indicates the Raman and
LBIC areal mappings (B) XY mapping of intensity of Si (C) XY mapping of peak position of Si
(D) XY mapping of photocurrent.
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Figure 31D shows the XY photocurrent mapping of the defect region. The photocurrent is
low at the defect compared to the entire map. Additionally, it is interesting to note that there are
different regions associated with photocurrent: ‘1’ with high photocurrent of the map, ‘2 with
values less compared to 1 and ‘3’ the lowest photocurrent. This result suggests that LBIC could be

sensitive in detecting degradation in Si solar cell over Raman microspectroscopy measurement.

7.5 Raman and LBIC on Ag metallization
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Figure 32: (A) Optical micrograph of silver finger. The red boxed region indicates the Raman and
LBIC areal mappings (B) XY mapping of intensity of Si (C) XY mapping of intensity of silver
oxide (D) XY mapping of photocurrent.
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Figure 32A shows the optical micrograph of silver finger of the polycrystalline Si sample
taken under Raman microscope. The XY intensity mapping of Si in Figure 32B and 32C. The
intensity of Si is maximum away from the finger and as the laser approaches the Ag line, the
intensity decreases. On top of the Ag line, the Si peak disappears completely. Since the laser spot
during the raster does not overlap with the previous spot, the information obtained at any given
XY coordinate is expected to be free of neighboring site effects and thus, signal deconvolution is

not needed.
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Figure 33: (A) Line scan comparison of Si intensity and LBIC (B) Line scan comparison of silver

oxide intensity and LBIC.

The drop in intensity of Si can thus be attributed to compositional changes occurring at the
site of interest. Figure 32C shows the XY intensity mapping of Ag.O. This is in contrast with
Figure 32B as the intensity of Ag20 is zero away from the finger and maximum on the finger.
Figure 32D shows the XY photocurrent mapping. At a very closer observation, this image is very
reflective of Figure 32C but mirrored. The photocurrent is maximum away from the finger and
once the laser is entirely on top of the Ag line, the photocurrent decreases to a minimum.

A horizontal line scan of the intensities of Si, Ag.0 and photocurrent taken along Y = 20

um are compared to understand the correlation. Figure 33A shows the comparison of Si intensity
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and photocurrent. The Si intensity gradually decreases along the line while the photocurrent is
uniform away from the Ag line and reaches minimum on top of the Ag line. Figure 33B shows
the comparison of Ag.0 intensity and photocurrent. The intensity of Ag20 is zero and uniform
away from the finger. The intensity increases while the photocurrent decreases at the Ag line. This
isavery clear indication that the Ag20 intensity (Ag line) and photocurrent are inversely correlated
and the Pearson correlation coefficient for Si intensity and photocurrent: 0.1076 and Ag.O

intensity and photocurrent: -0.634 verifies the same.

7.6 Conclusion

In conclusion, Raman microspectroscopy has been successfully integrated with LBIC
measurement modality. Three regions of interest: laser induced damage, a morphological defect
and Ag metallization were characterized with the dual modality measurement. The results indicate
that the uLBIC obtained via Raman microspectroscopy could be sensitive in characterizing the
crystalline Si solar cell degradation compared to the Raman modality.

More analysis is required to understand the sensitivity of synchronous Raman and LBIC
system in characterizing solar cell degradation and defects. In the future, comparison of localized
regions within the Raman and LBIC mapping could reveal more information. For instance, in the
laser damaged regions, the analysis shown in this work compares all the values from the red box.
It would be interesting to compare Raman and LBIC values from the damaged spots alone
excluding the undamaged Si area. Similarly, the three regions marked around the defect can be
compared individually. This could reveal more information on the sensitivity of Raman and LBIC

in characterizing Si solar cells.
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A measurement of Raman and LBIC on a nano indented spot of Si solar cell surface could
reveal the effectiveness of these individual modality in characterizing solar cell degradation. We
have established that through Raman microspectroscopy, the stress around defects can be
visualized. Additionally, the photocurrent around defects are significantly affected as we observed
in chapter 7.4. Therefore, it would be interesting to study a controllably nano indented region with
this modality. The sensitivity can be compared by visualizing how far the stress and photocurrent

are affected from the spot on the solar cell surface due to degradation.
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CHAPTER EIGHT: SUMMARY AND FUTURE PERSPECTIVES

8.1 Summary

In summary, the dissertation has explored the possibility of integrating Raman
microspectroscopy with LBIC measurement modality to characterize solar cells. The utility of
Raman microspectroscopy in obtaining insights into the surface and sub-surface quality of Si solar
cells, defect detection and characterization has been successfully demonstrated. For the study, four
prototypical regions were scanned and analyzed. Multi crystalline Si surface showed peak
positions and FWHM comparable with a single crystalline Si wafer, indicating high crystalline
quality of the textured Si solar cell surface; Regions with remnant saw marks were observed and,
although a clear correlation between the image and Raman peaks were not observed, the peak and
FWHM distributions were wider and at higher wavenumbers compared to regions on multi
crystalline Si with no saw marks; Raman on Ag fingers indicated that ~ 200 nm thick Ag20 could
be detected up to 25 pum away from the line edges — a result of the screen-printing followed by
firing process. An inclusion was characterized on the multi crystalline Si surface with the primary
phase identified as nanocrystalline Si. The Si substrate around the inclusion was under tensile
stress. Confocal mapping provided a non-destructive, 3D reconstruction of the inclusion,
indicating the inclusion was embedded inside and protruded above the multi crystalline Si surface.

Raman microspectroscopy has been used to characterize a DH tested solar cell. Two
regions — a crack propagating on the Si surface and the region with silver fingers were analyzed.
It is proposed that the DH test caused moisture penetration through the ARC layer causing tensile
stress which may lead to initiation and propagation of the crack; Regions of compressive stress in

the Si are shown to deflect cracks. Additionally, Raman on the DH tested cell Ag metallization is
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compared with untested solar cell. It is shown that the DH testing produces increased oxide species
formation with a higher degree of crystallinity and stronger interaction with oxygen.

This work demonstrates that Raman microspectroscopy can be integrated with LBIC
measurement modality to measure ULBIC. Three regions of interest: laser induced damage, defect
and Ag metallization were characterized through the dual modality. The results indicate that the
HULBIC obtained via Raman microspectroscopy seems sensitive in characterizing the crystalline Si

solar cell compared to the Raman modality.

8.2 Future Perspectives

This dissertation successfully developed synchronous Raman and LBIC modality for solar
cells. We demonstrated the use of the dual modality on crystalline Si solar cells.

The work suggests that LBIC seems sensitive in solar cell characterization compared to
Raman microspectroscopy but there is no clear information based on the analysis performed. The
lack of significant conclusion from the first approach of comparing the sensitivity of Raman and
LBIC in characterizing solar cells suggests that more detailed analysis should be considered, as
mentioned in chapter 7. In addition, we mainly focused on Raman intensity to reconstruct the
chemical Raman maps here and compare with LBIC to characterize Si solar cells and understand
the sensitivity of both systems in identifying degradation. However, Raman parameters such as
peak position and FWHM should also be compared with LBIC in characterizing Si solar cells
when using the modality. Such analysis could reveal more information than Raman intensity and

LBIC.
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This dual modality system can be explored for solar cell materials other than Si. Our
remarks might change for a chemically rich system compared to a Si solar cell. Thus, optimizing
the modality with different materials system (CdTe, ZnO, Perovskites) would help us understand
the advantages and limitations across materials systems as well as characterization techniques.

The implementation of this technique would impact the solar cell production costs reducing
$/watt. Manufacturing efficiency will be increased, and material loss will be reduced. A
characterization technique with high sensitivity and spatial resolution in ambient operation will be

developed thus enriching the solar cell manufacturing industry.
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APPENDIX A: METHODOLOGY
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The following content has been published in: J. P. Ganesan, N. Igbal, M. Krsmanovic, F. Torres-
Davila, A. Dickerson, K. O. Davis, L. Tetard and P. Banerjee, “Raman microspectroscopy of a

multi-crystalline silicon solar cell”, IEEE Journal of Photovoltaics, 2022.

It is important to verify that the laser power from the Raman microscope does not lead to
temperature changes in the Si substrate. This is because an increase in temperature leads to a
corresponding decrease in the TO phonon peak position of Si and thus, erroneous conclusions can
be drawn [40]. We have studied the combined impact of laser power and temperature on the TO
phonon peak position of single crystalline Si for the WITec® system. This is shown in Appendix
B. Briefly, a single crystal, p-type (100) Si wafer was placed on a heated stage under the Raman
microscope and the temperature was varied as 25 °C, 50 °C, 75 °C, 100 °C and 125 °C. At each
temperature, the laser power was varied as, 4.4 mW, 13.5 mW, 24.3 mW and 32 mW. It was found
that the temperature played a far critical role in lowering the TO phonon peak position
wavenumber, from 520.3 cm™ to 518 cmL. At any given temperature, increasing laser intensity
did not result in a measurable shift in the TO phonon peak, indicating that the laser power did not
cause any significant change in the temperature of the illuminated region of sample over and above
the temperature of the substrate.

Optical images for profilometry were taken using a Keyence® Digital Microscope VHX-
5000. The instrument used to perform XY micro-Raman spectroscopy was a WITec® 300 RA
microscope. The mappings were performed using a laser excitation radiation of 532 nm. The

penetration depth of this laser in Si is ~ 1.27 um [83]. With the 20x objective used, the optical

system provides a depth of focus (DOF) of 7 um and a spot radius of 400 nm. The spot radius of
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400 nm also provides the necessary information for conducting XY mapping. For example, an area
of 25 x 25 um? was mapped with a grid size of 31 x 31 (i.e., a total of 961 data points) with each
step 800 nm apart which is equal to the spot diameter. The laser intensity used was 6 mW. Unless
otherwise noted, the accumulation time was 1 second and every scan was integrated once. A larger
area scan of 75 x 25 um? with 2852 data points was performed with an objective of 20x on saw
marks. The laser intensity used was 20 mW. For the Ag finger a lower magnification using a 10x
objective was used, an area of 140 x140 um? was mapped with 2500 data points. The laser intensity
used was 30 mW. For the inclusion, an objective of 10x was used on an area of 45 x 45 pum?
mapped with 784 data points. The accumulation time was 2 seconds, and every scan was integrated
once. The laser intensity used was 25 mW. Scan acquisition was conducted from 12 to 1200 cm*?
wavenumbers using a grating with 1800 gratings/mm and a resolution of 0.3 cm™. Total
accumulation times for obtaining area scans ranged from tens of minutes to up to 3 hours long.
To achieve true confocal imaging of the inclusion reported in this work, a Horiba®
LabRam Evolution system with a 785 nm laser was used. This laser wavelength allows for a
penetration depth of 10 um [83]. The experimental conditions for confocal mapping were 1 second
integration time and 1 accumulation. A 50x long working distance (LWD) objective, 1800
gratings/mm and a laser intensity of 25 mW was used to conduct the 3D mapping. The total
measurement time to collect all 36,938 spectra was 14 hours. Prior to conducting any Raman
measurements, the equipment were calibrated using a pristine, single crystal Si wafer with the TO
phonon adjusted to 520.5 cm-*. Postprocessing of data including background subtraction and noise
reduction through data averaging techniques were conducted with the instrument’s proprietary
software. Where necessary, data was exported as text files and custom-built MATLAB® codes
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were written to extract the relevant information. These exceptions to data analyses will be
described individually before the relevant results. As a clarification, Raman peak intensity maps

imply mapping the height of the Raman peak.
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APPENDIX B: S| RAMAN DEPENDECE OF TEMPATURE AND LASER
POWER
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The following content has been published in: J. P. Ganesan, N. Igbal, M. Krsmanovic, F. Torres-
Davila, A. Dickerson, K. O. Davis, L. Tetard and P. Banerjee, “Raman microspectroscopy of a

multi-crystalline silicon solar cell”, IEEE Journal of Photovoltaics, 2022.
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Figure 34: (A) The temperature dependence of the Si TO phonon peak position as a function of
various laser powers. (B) The laser power dependence of the Si TO phonon peak position as a

function of temperature.

To understand how laser heating may impact Raman peak position of Si, a single
crystalline, p-type (100) prime Si wafer was placed on a heater stage under the WiTec® 300 RA
Raman microscope. It has been shown that increasing temperature leads to a drop in the TO phonon
peak position of Si due to phonon ‘softening’[40].

The heater stage temperature was raised from ambient (25 °C) to 125 °C at intervals of 25
°C. For thermal equilibration to set in, the sample was soaked at a given temperature for 5 minutes.
The laser shutter was then opened, and the power varied as, 4.4, 13.5, 24.3 and 32 mW. The Si
Raman peak was recorded at each laser power and wafer temperature. A strong dependence of the

peak position on Si wafer temperature is observed in Figure 34A. In contrast, changing laser power
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does not result in a change in the peak position as shown in Figure 34B. Thus, the laser beam does

not lead to a significant change of temperature on the Si wafer surface.

70



APPENDIX C: SEM EDX OF A DEGRADED Al BSF CELL
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The following figure has been published in: J. P. Ganesan, N. Igbal, M. Krsmanovic, F. Torres-
Davila, A. Dickerson, K. O. Davis, L. Tetard and P. Banerjee, “Raman microspectroscopy of a

multi-crystalline silicon solar cell”, IEEE Journal of Photovoltaics, 2022.

Figure 35: SEM EDX of O, Si and Ag across the silver line of a degraded multi crystalline Al-BSF

solar cell module.
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APPENDIX D: XPS DATA OF THE SILVER LINE OF A FRESH CELL
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The following content has been published in: J. P. Ganesan, N. Igbal, M. Krsmanovic, F. Torres-
Davila, A. Dickerson, K. O. Davis, L. Tetard and P. Banerjee, “Raman microspectroscopy of a

multi-crystalline silicon solar cell”, IEEE Journal of Photovoltaics, 2022.
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Figure 36: XPS data of the silver line of a fresh mono crystalline Al-BSF solar cell module.

Table 2: Atomic percent of Ag, Ag-O and Ag-OC detected on the silver line of a fresh mono

crystalline Al-BSF solar cell module.

Binding Energy Peak Atomic %
(eV)
368.25 Ag 82.51
367.4 Ag* (Ag-O) 2.24
369 Ag-OC 15.26

74



APPENDIX E: POWER DEPENDENCE
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The following figure has been published in: J. P. Ganesan, N. Igbal, M. Krsmanovic, F. Torres-

Davila, A. Dickerson, K. O. Davis, L. Tetard and P. Banerjee, “Raman microspectroscopy of a

multi-crystalline silicon solar cell”, IEEE Journal of Photovoltaics, 2022.
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Figure 37: (A) Individual Raman spectra acquired on the inclusion (nanocrystalline Si i.e., nc-Si)
with different laser power (B) Individual Raman spectra acquired on the multi crystalline Si (c-Si)
with different laser power (C) Power dependence of peak shift for the Raman in multi crystalline

Si (c-Si) and inclusion (nc-Si) (D) Power dependence of linewidth for the Raman in multi
crystalline Si (c-Si) and inclusion (nc-Si).
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APPENDIX F: POWER CONVERSION EFFICIENCY MEASUREMENT
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Figure 38: I-V characteristics of the polycrystalline Si solar cell.

To calculate the power conversion efficiency, the 1V characteristics of the polycrystalline
Si solar cell is studied over a voltage range of -1 V to +3 V. A Keithley source meter controlled
by the 1-V software was used to perform the I-V study. An incident power of 100 mW/cm? was
used. The power conversion efficiency was 11.52 % with a fill factor of 80.6 %. The open-circuit

voltage Vo was calculated to be 2.31 V.
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