LUMINESCENCE-BASED CHARACTERIZATION

OF CRYSTALLINE SILICON SOLAR CELLS

Von der Fakultit fiir Mathematik und Physik
der Gottfried Wilhelm Leibniz Universitidt Hannover
zur Erlangung des Grades
Doktor der Naturwissenschaften
Dr. rer. nat.
genehmigte Dissertation

von

Dipl.-Phys. David Hinken

geboren am 27.11.1981 in Hannover

2012



Referent: Prof. Dr. Rolf Brendel
Korreferent: Prof. Dr. Jorg Osten
Tag der Promotion: 03.05.2012



Abstract

Camera-based luminescence imaging for the characterization of silicon solar cells was introduced
into photovoltaics in 2005 by a Japanese research group. For this characterization technique,
excess charge carriers in the solar cell bulk are either injected using a current source or optically
generated by illumination. Luminescence imaging is fast and the resulting images contain
abundant information about the solar cell device because the detected luminescence signal
depends on properties like the charge carrier recombination, the optical confinement as well
as on the series- and shunt resistance. However, at that time, measured luminescence images
were interpreted qualitatively only and it was not demonstrated, how luminescence imaging can
be used to extract quantitative images of a specific solar cell parameter. Therefore, this thesis
presents a comprehensive description and understanding of luminescence images of wafer-based
crystalline silicon solar cells. It aims at the determination of local solar cell parameters and its
relation to the global solar cell energy conversion efficiency.

Luminescence photons are generated inside the solar cell by radiative recombination of excess
charge carriers. Since this process is directly related to the minority charge carrier density, the
absorption of illuminating photons and the injection of minority charge carriers is explicitly
analyzed in this thesis. Due to reabsorption of luminescence photons inside the solar cell, the
photon emission probability depends on its depth of generation. Consequently, not only the
minority charge carrier density is required but also its distribution inside the solar cell. Various
distributions for different solar-cell working points are explicitely modeled in this work by
analyzing the minority charge carrier diffusion inside the solar cell base.

The luminescence photons, generated within the solar cell, need to be emitted from the solar
cell surface to finally be counted within the camera. To describe this emission process an optical
model is required. This thesis shows that the description of the emission of photons is directly
related to the reverse process, the absorption of photons. Thus, previously developed models
for the absorption of photons can be used for luminescence imaging. As a result, the optical
resolution of luminescence imaging is calculated.

The electrical and optical modelling yields analytical equations for the detected luminescence
emission of the solar cell. The derived equations reveal explicitly the dependence of the emitted
luminescence spectrum on certain electrical and optical solar cell properties. Luminescence
emission spectra are analyzed for different working points and are compared to experiment.

This thesis calculates the impact of local parameters on the global energy conversion efficiency.
Therefore, the solar cell is split into many small local elements, whereas each local element is
described with the electrical and optical modelling of the previous chapters. The local elements
are then interconnected using equivalent circuit models. Thus, local parameters are related to
meaningful global properties like the energy conversion efficiency. As a possible application of
this analysis a local impact analysis is presented, which determines the impact of increased local
series resistances onto the global energy conversion efficiency.

Keywords: Solar cell characterization, luminescence imaging, two-dimensional equivalent
circuits






Kurzzusammenfassung

Kamerabasierte Lumineszenzmessungen fiir die Charakterisierung von Silizium-Solarzellen
wurden im Jahr 2005 von einer japanischen Forschungsgruppe vorgestellt. Fiir diese Charakteri-
sierungsmethode werden Uberschussladungstriiger in der Solarzelle entweder elektrisch mittels
einer Strom-Spannungs-Quelle injiziert oder optisch durch Beleuchtung erzeugt. Die Messdauer
fiir die Aufnahme eines Lumineszenzbildes ist sehr kurz. Das Ergebnis sind Bilddaten, welche
eine Vielzahl an Informationen iiber die Solarzelle enthalten. Das gemessen Lumineszenzsignal
wird ndmlich neben den Rekombinationseigenschaften der Ladungstriager und optischen Eigen-
schaften auch von Serien- und Shuntwiderstéinden der Solarzelle bestimmt. Trotzdem wurden
anfangs die Bilddaten nur qualitativ interpretiert. Es war noch nicht vollstindig verstanden, wie
die kamerabasierte Lumineszenz genutzt werden kann, um quantitative Informationen iiber einen
bestimmten Parameter der Solarzelle zu erhalten.

Lumineszenz-Photonen werden in der Solarzelle durch die strahlende Rekombination von
Uberschussladungstriigern erzeugt. Da dieser Prozess direkt mit der Uberschussladungstriger-
dichte zusammenhéngt, wird die Absorption von Photonen der Beleuchtung bzw. die Injektion
von Minoritdtsladungstragern in dieser Arbeit untersucht. Aufgrund von Reabsorption der Lu-
mineszenzphotonen innerhalb der Solarzelle ist die Emissionswahrscheinlichkeit der erzeugten
Photonen von dem Ort abhéngig, an dem sie erzeugt wurden. Folglich ist nicht nur die iiber-
schussladungstriagerdichte wichtig, sondern auch ihre Verteilung innerhalb der Solarzelle. In
dieser Arbeit modelliere ich verschiedene Verteilungen fiir unterschiedliche Arbeitspunkte der
Solarzelle mittels der Ladungstrigerdiffusionsgleichung.

Die Lumineszenz-Photonen, welche innerhalb der Solarzelle erzeugt werden, miissen aus der
Solarzelle austreten, um von der Kamera detektiert werden zu kdnnen. Zur Beschreibung dieses
Emissions-Prozesses ist ein optisches Modell der Solarzelle notwendig. Es wird in dieser Arbeit
gezeigt, dass die Beschreibung der Photonen-Emission direkt invers zum reziproken Prozess der
Absorption von Photonen ist. Damit konnen weit fortgeschrittene Modelle fiir die Absorption von
Photonen auch fiir die Lumineszenzemission genutzt werden. Als ein Ergebnis dieser optischen
Modellierung bestimme ich die optische Auflésung von Lumineszenzbildern.

Die elektrische und optische Modellierung liefert analytische Gleichungen fiir die detektierte
Lumineszenzemission der Solarzelle. Diese Gleichungen zeigen explizit die Abhéngigkeiten
des emittierte Lumineszenz-Spektrum auf bestimmte elektrische und optische Parameter der
Solarzelle. Lumineszenz-Spektren werden an unterschiedlichen Arbeitspunkten der Solarzelle
analysiert und mit Experimenten verglichen.

Im letzten Teil dieser Arbeit wird gezeigt, wie der Einfluss lokaler Parameter auf den Gesamt-
Wirkungsgrad der Solarzelle berechnet werden kann. Dafiir wird die Solarzelle in viele kleine
Elemente aufgeteilt, wobei jedes lokale Element mit den elektrischen und optischen Modellen der
vorherigen Kapitel beschrieben wird. Dadurch werden die lokalen Parameter mit aussagekriftigen
globalen Parametern wie dem Gesamt-Wirkungsgrad der Solarzelle verkniipft. Als eine mogliche
Anwendung dieser Analyse wird der Einfluss des lokalen Serienwiderstandes auf den Gesamt-
Wirkungsgrad demonstriert.

Schlagworter: Charakterisierung von Solarzellen, ortsaufgeloste Lumineszenz, zweidimensiona-
le Ersatzschaltbilder
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CHAPTER 1

Introduction

1.1 Short review of luminescence imaging

Luminescence imaging was first reported in 1963 by Uchida!'l who used an infrared-sensitive
image converter tube to visualize the radiative recombination from forward biased silicon p-n
junctions. An improved experimental setup was used by Penner!?! in 1988 connecting a computer-
controlled video camera tube to the infrared image converter. His camera-based approach allowed
for a quick and automatic inspection of large area semiconductor devices such as silicon solar
cells. Only two years later, in 1990, Livescu et al.'*) reported on a real-time photoluminescence
imaging system exemplarily used for the analysis of Gallium-Arsenide and Indium Phosphide
substrates. In this setup, a video camera tube was used for visible light and a lead sulfide camera
for infrared light.

For the analysis of large area crystalline silicon solar cells, electroluminescence imaging
was brought to the attention of the photovoltaic community by Fuyuki et al. in 2005.*) Fuyuki
et al. demonstrated that the electroluminescence (EL) emission of silicon solar cells is directly
detectable with commercially available silicon charge-coupled device (CCD) cameras without
the need of infrared image converters. Using optical instead of electrical excitation Trupke et
al.’! utilized photoluminescence (PL) imaging as a versatile tool for solar cells and wafer char-
acterization under realistic operating conditions comprising simultaneous optical and electrical
excitation.

EL and PL images of solar cells and wafers contain extensive qualitative information about
recombination properties,'®! local voltages,!”! minority carrier diffusion lengths, ™! microc-
racks, ') surface passivation qualities!''! and shunt resistances.!'>!?! Besides this qualitative
information, numerous evaluation procedures for a quantitative analysis!'#! have been introduced
during the work at this thesis. For silicon solar cells, procedures for the local determination of
voltages, [15] geries resistances, ['o2% diffusion lengths, [21-25] gaturation current densities, 2-2°]
and shunt resistances!”’-*®! are to be mentioned. All these techniques take advantage of measuring
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the solar cell at different working points (voltage and/or illumination), by measuring specific
spectral fractions of the emitted luminescence using optical filters or by analyzing the difference
in luminescence emission between neighboring regions.

Regarding silicon wafers, images of the effective carrier lifetime were obtained by calibration
with other lifetime measurement techniques such as infrared lifetime mapping/carrier density
imaging (ILM/CDI), **% quasi-steady-state photoluminescence (QSS-PL)*!+*’! and by pho-
toconductance measurements. **~*%! Without any external calibration the effective lifetime was
determined with the knowledge of all relevant parameters of the used setup!>*! and from the time
dependent luminescence emission for a modulated optical excitation.?’=*° The fast and simple
determination of the effective lifetime using PL. imaging even allows for the determination of the
interstitial iron concentration. **!

1.2 Short overview of this thesis

This thesis is about luminescence-based characterization of wafer-based crystalline silicon solar
cells and is divided into seven chapters:

“Camera-based setup for luminescence measurements’ (Chapter 2)

For a quantitative analysis of the luminescence emission, a precise and detailed understanding of
the experimental setup is essential. Chapter 2 introduces the experimental setup which I developed
throughout my work at this thesis. The setup allows to capture EL and PL luminescence images
at different working points. I report on the relevant equipment and analyze the components of the
setup. For the first time, details about the filters and cameras used in a luminescence-imaging
setup are given.

Even though the camera is the most important component, it has not been yet analyzed which
camera type and sensor material is bestly suited for luminescence imaging. Therefore, I carry
out a signal-to-noise analysis of different cameras used in our laboratory: Two silicon charged
coupled device cameras with and without electron multiplier gain and a complementary metal
oxide semiconductor indium gallium arsenide camera.

“Physical background of luminescence photon generation and emission” (Chapter 3)

A comprehensive model of the luminescence photon emission of a solar cell’s surface is of mayor
importance for all quantitative luminescence evaluation procedures.

Chapter 3 starts with a description of the radiative recombination process which leads to the
generation of luminescence photons inside the solar cell. Consequently, an equation is derived
which gives analytically the emitted luminescence photon flux of the solar cell’s surface. This
equation basically depends on the charge carrier distribution within the solar cell’s base and a
luminescence emission probability. Both quantities will be analyzed in detail in the following
two chapters.
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“Charge carrier distributions within the solar cell base’” (Chapter 4)

Chapter 4 derives analytical charge carrier distributions required for the description of the lumi-
nescence photon flux emitted from the solar cell surface. This chapter investigates the diffusion
equation of excess charge carriers within the solar cell base and gives boundary conditions
for electroluminescence (EL), photoluminescence (PL) at an applied voltage (PL-wp), PL at
short-circuit conditions (PL-sc) and PL at open-circuit conditions (PL-oc).

The solution of the diffusion equation leads in the case of EL to the simple and well-known
charge carrier distribution in the dark. In contrast, existing descriptions for the illuminated
case yield numerous terms and would not allow to study the dependences of specific solar cell
parameters on the emitted luminescence photon flux. Thus, I introduce a simplification which
holds for solar cells with a base thickness of more than 150 um. Consequently, I obtain compact
analytical descriptions of the PL carrier distributions. All carrier distributions are visualized and
compared to results from numerical device simulations at the end of this chapter.

“Luminescence photon emission probability”’ (Chapter 5)

Different optical models describing the photon emission probability have been published in the
literature. However, most authors focused their analysis on electroluminescence imaging or
on planar front and planar rear surfaces only, even though nearly all modern solar cells exhibit
textured front and rough rear surfaces.

Chapter 5 derives the luminescence photon emission probability by using a volume-summa-
tion approach which sums up all volume elements leading to photon emission in direction to
the detector. In contrast to similar approaches published in literature, this approach explicitly
considers spherical angles of emission and detection and optical confinement of solar cells, which
both are of major importance for the isotropically generated long-wavelength luminescence light.

As the result a relation is obtained which states that the luminescence photon emission
probability directly follows from the generation profile of impinging photons. I can thus take
advantage of previously published optical models developed for the absorption of light. I choose
a generation profile which is especially well suited for long-wavelength light and describes planar
and textured silicon solar cells with rough rear surfaces. Thus, a comprehensive luminescence
photon emission probability which holds for electro- and photoluminescence imaging is obtained.

At the end of this chapter I show one application of the presented optical model and calculate
the expected resolution of luminescence imaging for different wavelengths.

“Spectral and integral analysis of the luminescence emission’” (Chapter 6)

Chapter 6 analyzes the spectral and integral (in terms of wavelengths) luminescence emission from
silicon solar cells. Therefore, the luminescence emission integral is used to calculate luminescence
emission spectra of silicon solar cells. These spectra are analyzed for different working points,
different electrical and optical properties and are compared to experiment. Regarding the integral
(camera-based) detection of luminescence photons, novel analytical solutions for EL, PL-wp, PL-

3
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oc and PL-sc in the short- (< 920 nm) and long-wavelength (> 1100 nm) range are introduced
in this work.

I make use of the resulting solutions by calculating the impact of various parameters of the
solar cell device onto the luminescence signal detected with a camera. Experimentally, I show
that the long-wavelength EL emission is proportional to the collection length L¢. In addition, an
analysis by means of simulations and experiments reveals the dependence of the short-wavelength
EL emission on the effective diffusion length L.g.

“Solar cell equivalent circuit model and series resistance imaging” (Chapter 7)

While the previous chapters concentrated on the luminescence emission of one local region only,
chapter 7 interconnects these regions using equivalent circuit models.

In general, the local regions are interconnected by the emitter, resulting in an extensive
two-dimensional network where all regions are electrically interconnected. However, in most
practical cases, the application of such a network is complicated and requires large computational
power. For these reasons, I use a simplified model, the independent local diode model, which uses
an effective local series resistance as a connection to the terminal. For the first time, I explain
the transition from the interconnected to the independent local diode model. This transition then
allows me to verify the independent model for certain parameter ranges by means of simulations.
In addition, it allows me to explain the differences between the absolute and the differential local
series resistance.

The independent local diode model in combination with luminescence imaging allows to
determine images of the local series resistance. Exemplarily, a series resistance image of a
multicrystalline silicon solar cell is given at the end of this chapter.

“Local impact analysis (LIA)” (Chapter 8)

Finally, in chapter 8, I introduce a novel application of luminescence imaging. Since the local
series resistance analysis, presented in the previous chapter, allows to connect all local elements
to the terminals, the solar cell can be consequently simulated as a whole. Parameter mappings
obtained from different characterization methods are fed into the calculations and describe the
recombination within each of the local elements. This so-called local-impact analysis (LIA)
results in a new (calculated) global energy conversion efficiency. Global and local parameters may
be virtually modified to determine the impact of certain regions onto the global energy conversion
efficiency. I verify LIA by means of experiment and simulations and explicitly determine the
impact of an increased local series resistance onto the global energy conversion efficiency. The
connection of the local luminescence emission to the global energy conversion efficiency was
demonstrated for the first time in this work.



CHAPTER 2

Camera-based setup for luminescence measurements

I present the luminescence imaging setup I developed throughout my work at this thesis. I do not
only report on the relevant equipment!*'***! but also analyze the components of the setup in
detail. For the first time, details about the filters and cameras used in a luminescence-imaging
setup are given.

Even though for a quantitative analysis of the luminescence emission the camera is of specific
importance it has not yet been analyzed which camera type and sensor material is bestly suited
for luminescence imaging. For this reason, I compare a silicon charged coupled device (CCD)
camera with a back-illuminated silicon CCD camera comprising an electron multiplier (EM) gain
and a complementary metal oxide semiconductor (CMOS) indium gallium arsenide (InGaAs)
camera.

The question arises which camera and which parameters like the exposure time lead to the
best result in a given total measurement time. Therefore I analyze the dominant noise sources
along with the signal-to-noise ratio for all three cameras. Moreover, for the detection of the
luminescence emission of silicon solar cells and wafers, the signal-to-noise ratio of these cameras
is calculated and experimentally confirmed with respect to the total measurement time and the
total luminescence photon flux. Using these results, I demonstrate that the signal-to-noise ratio
improves with the square-root of the total measurement time and that the choice of camera for
the best results depends on the emitted luminescence photon flux of the sample.

2.1 Detailed setup description

The experimental setup shown in Fig. 2.1 comprises a housing, a measurement chuck, a solar
cell contacting unit, a bipolar power supply, a semiconductor laser, a homogenization optics, a
camera, various filters, two multimeter, a vacuum pump, a water thermostat, a linear unit and a
computer.
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Housing
4 )
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Figure 2.1: Setup for spatially resolved luminescence measurements of silicon
solar cells and wafers.

2.1.1 Housing

To avoid the detection of ambient light, the camera, the measurement chuck, the solar cell
contacting unit and the homogenization optics are mounted in a dark box (1290 cm x 700 cm x
690 cm). All metallic parts of this box are blackened to minimize interference due to multiple
reflected light within the box. The side-walls of the box consists of black polyvinyl chloride
(PVC) plastic.* Measurements show that the hemispherical reflectance of this material is below
6 % in the wavelength range of 400 nm to 1200 nm. Any objects inside the box have to be
carefully examined to not disturb the measured luminescence emission of the solar cell or the
wafer. I measure (optically excited by the semiconductor laser) weak parasitic luminescence
emission from sheets of paper, strong emission from pertinax that is used for the isolation of
the sense and the current wires and strong emission from cables and connectors (particularly if
coated with a red color).

2.1.2 Sample mounting and contacting

The silicon sample under test, a solar cell or a wafer, is mounted on a vacuum chuck® for
samples of up to 20 x 20 cm?. The chuck is temperature-controlled by a closed-loop water
thermostat,® thus offering a temperature range from approximately 5 °C to 85 °C. A small
PT1000 temperature sensor is mounted within the chuck’s surface. The temperature sensor is
pressed to the rear of the sample by a small spring and has no direct contact with the measurement

ISIMONA Simocel-Color black 6 mm
°ISFH, custom-made product
“Haake, DC30-K15
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chuck. Thus, the measured temperature corresponds directly to the temperature of the sample’s
rear surface.

The chuck’s surface exhibits small grooves connected to a vacuum pump to allow for a
homogeneous suction of the sample onto the chuck. For silicon wafers, the grooves of the chuck
may appear as a pattern in the captured luminescence image due to a laterally inhomogeneous
reflectance. In such cases, the wafer is placed on a thin, blackened brass pad without any grooves,
accepting the disadvantage of no suction and thus a reduced temperature stabilization.

2.1.3 Electrical and optical stimulation of luminescence

For solar cells, a four-quadrant voltage and current power supply? controls the applied voltage.
Depending on the operating conditions electrical current is extracted from or fed into the solar cell.
To eliminate errors due to lead resistances a four-point contacting scheme with remote sensing is
used. The busbars of the solar cell under test are contacted by up to three bars containing spring
loaded needles. The brass chuck itself is used as the rear contact. One needle in each bar and one
in the chuck are isolated from the others to sense the voltage (sense contacts).

To determine the applied voltage V1 at the solar cell a multimeter® connected to the sense
wires is used. Regarding current measurements, one of the current carrying wires contains a small
four-wire resistance

Ry = 100 mQ 2.1)

in series. The voltage drop AV at Ry, is measured with a second multimeter.” The current fed
into or extracted from the solar cell follows directly from Ohm’s law.

For the monochromatic illumination a gallium arsenide (GaAs) diode laser® is used which
exhibits a central wavelength (CWL) of 810 nm. For silicon, this CWL corresponds to an
absorption length of ~ 13 pm. The maximum continuous wave output power of the laser is
30 W. A beam homogenizer based on microlenses shapes the fiber output beam to a square
flat-top. For the optimum working distance of 75 cm an area of 16 x 16 cm? is illuminated at an
angle of 15° with an homogeneity of + 10 %. Considering the losses of the fiber and the optics
(~ 40 %), an equivalent photogeneration rate in silicon of up to two-thirds of a sun is reached.

2.1.4 Camera

The camera detecting the luminescence emission is mounted directly above the contacting unit.
Three different cameras were used in this work: Two silicon (Si) charge-coupled device cameras'

4Kepco, BOP36-28MG

“Keithley, Model 2000

Keithley, Model 2000

€Jenoptik unique-mode, JTUM30k/400/20

"Bayerisches Laserzentrum GmbH, custom-made product
IPCO, sensicam ge; Hamamatsu, C9100-13
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Figure 2.2: Quantum efficiencies of the used cameras (manufacturer informa-
tion) and an electroluminescence spectrum of a monocrystalline silicon solar
cell.

and one indium gallium arsenide (InGaAs) complementary metal-oxide semiconductor camera.]
All relevant parameters of these cameras are listed in Tab. 2.1. The main difference between
the Si and InGaAs camera is their sensitivity to different wavelength ranges. This demonstrates
Fig. 2.2, which shows the quantum efficiencies of the used cameras and an electroluminescence
spectrum of a monocrystalline silicon solar cell.X

InGaAs absorbs photons ranging from 900 to 1700 nm and thus covers the whole range of
the luminescence emission from silicon. In contrast, Si is better suited for the visible range and
its quantum efficiency reduces significantly for wavelengths larger than 1000 nm. Note that I
focus in this paper on the detection of band-to-band luminescence emission only. Additional light
emission (see for example Ref. 42 and papers cited in there) may be found in the sub-bandgap
range between 1400 nm and 1700 nm for solar cells and wafers and in the visible range for
reverse-biased solar cells. Figure 2.2 demonstrates that the sub-bandgap light detection requires
an InGaAs detector and the visible light emission a Si detector.

All three cameras feature a C-mount as the lens mount, which corresponds to a flange focal
distance of

b =17.526 mm. (2.2)

The same lens' is used for all three cameras. The aperture of this lens is 1.4 and the focal

iXenics, cheetah

*The quantum efficiency data was obtained from the manufacturer and the spectra was measured using a BWSpec
BTC261E spectrometer.

'Pentax, C2514-M (KP)
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Table 2.1: Camera parameters.

sensicam qe (Si) C9100-13 (Si) cheetah (InGaAs)
Manufacturer PCO Hamamatsu Xenics
Operation mode 1 Lowlight, High Gain Normal-CCD (nrm)  Low Gain (LG)
Operation mode 2 - EM-Gain 1200 (EM) High Gain (HG)

Sensor

Sony ICX285-AL
Interline CCD

E2V CCD97
Back-thinned frame
transfer with on-
chip amplification

XFPA-1.7-640-TE1-
V4
Xenics-built

(EM-Gain)
Sensor size [mm?] 6.6 x 8.8(2/3") 8.2 x 8.2 12.8 x 10.2
Pitch size [pum)] 6.45 16 20
No. of pixels 1376 x 1040 512 x 512 640 x 512
Sensor cooling PC]  —12 —65 4
Full well capacity 18 000 370000 1250000
N, r'w [e_]
A/D conversion [bit] 12 16 14
Conversion factor 2 1.4 (nrm) and 5.8 76.29 (LG) and 5.34
[e” /DU (EM) (HG)
Dark electron flux 0.64 0.01 280000 (LG) and
Dg,x 67 /s/px] 220000 (HG)
Signal electron flux?  0.388 x 1073 1.833 x 1073 0.833 (LG) and
Oy [e7 /s/px] 0.666 (HG)
Readout noise 4.8 16.8 (nrm) and 215 122 (LG) and
Oro €7 /DX] (EM) 104 (HG)
Temperature noise 0 0 620 (LG) and
Tmp e~ /Px] 62 (HG)

“Signal electron flux for an electroluminescence spectrum emitted from a solar cell operating at an applied voltage
of 521 mV. To be able to compare the signal electron flux for different cameras we maintained equal measurement
conditions (same optics, same position of the solar cell’s image within the sensor, same luminescence intensity). For

the sensicam ge camera a 2 X 2 binning was used to account for the larger image sensor.
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Figure 2.3: Laser spectrum and transmittances of the filters used for photolu-
minescence imaging.

length f = 25 mm. To cover the whole area of the sensor (width B) with the image of the solar
cell (width (7) the distance g between the solar cell and the lens is adjustable. Therefore, the
camera is mounted on a linear unit which changes g between 0 cm and 80 cm. The minimum
object distance (MOD) of this lens is 25 cm, but using close-up lens rings smaller distances are
achievable.

2.1.5 Filters

Optical filters are important for quantitative measurements of the luminescence emission. For EL
measurements a longpass filter™ is used to avoid the detection of stray light. Due to the box this
longpass filter is not required during measurement but is useful when focusing the camera with
the box open. The filter choice is much more important for PL. measurements of silicon wafers or
solar cells since reflected excitation light has to be suppressed. Figure 2.3 shows the spectra of
the laser and the transmittances of the filters that are used in our PL setup.”

Filter 1 in Fig. 2.3 is a bandpass® which is positioned at the exit of the homogenizer (see
Fig. 2.1) and blocks the emission of the laser at long wavelengths. This is necessary since the
sharp laserline is weakly superimposed by a broad spectrum due to spontaneous emissions from
the GaAs laser diode [the amplified spontaneous emission (ASE) spectra]. Thus, this filter has a
transmittance larger than 70 % in the wavelength range from 805 nm to 815 nm and exhibits an

"Semrock, Razoredge 830
"The data was measured using a BWSpec BTC112E and a Cary 5000 spectrometer.
°bk-Interferenzoptik, custom-made product
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optical density (/p: Intensity of incident light, I: Intensity of light that has passed through the
filter)

higher than 8 for wavelengths larger than 850 nm. In order not to damage the filter, it is important
to mount the filter at the exit of the homgenization optics where the laser output beam is already
widened and the intensity is thus reduced.

The filter stack 2 in Fig. 2.3 consists of several longpass filters positioned in front of the
camera (see Fig. 2.1). It blocks the reflected laser light while exhibiting a high transmission
for the luminescence photons. For PL measurements with the InGaAs-camera the requirements
for this stack are low since the InGaAs-camera has a small quantum efficiency at the central
wavelength of the laser (see Fig. 2.2). Hence, a standard 1000 nm longpass filter? is sufficient
in most cases. For PL measurements with Si-cameras, which feature a high quantum efficiency
at the laser’s central wavelength, a filter stack with an extremely high optical density to block
the reflected laser light is crucial. A 20 mm thick absorbing glass filter? provides this optical
density at 810 nm (Filter 2b in Fig. 2.3). However, due to the strong absorption of photons
within the RG850 filter the filter itself emits light/** because it contains nano-crystallites of
II-IV semiconducting compounds.** Even though in most cases this parasitic light emission is
negligibly small it may disturb the measurement significantly for PL. measurements at solar cells
or wafers with very low luminescence emission.

Two additional interference filters (Filter 2a and 2c) are therefore placed on both sides of the
RGS850 (Filter 2b). Filter 2a, positioned between the RG850 and the sample, reflects the vast
majority of the laser light back into the setup and thus decreases the light intensity entering into
the RG850. Filter 2c, positioned between the RG850 and the camera, blocks the parasitic light
generated within the RG850. Filter 2a and 2c are custom-made longpass filters’ (2a: 856 nm,
2c: 930 nm) which exhibit a high blocking (2a: OD9, 2¢: ODS5) for short wavelengths and a
high transmission (90 %) for longer wavelengths. The transmittances of these filters are shown in
Fig. 2.3 together with the resulting transmittance of the filter stack 2 (comprising filter 2a, 2b and
2¢).

PThorlabs, FEL1000
9RG850, Schott-Glass
"bk-Interferenzoptik, custom-made products
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2.2 Data acquisition process of luminescence imaging

The whole data acquisition process is controlled by a computer software. This software was
developed at ISFH using the programming language Labview (National Instruments). The power
supply and the multimeter are controlled via a General Purpose Interface Bus (GPIB) and the
laser, the linear unit and the water thermostat via an RS232 interface. The two Si-cameras are
connected to the computer using proper PCI-cards from the manufacturer and the Cheetah camera
is connected via an Ethernet interface.

To prepare the setup for the capturing of luminescence images, the sample under test is firstly
mounted on the measurement chuck. Then, the camera’s height is adjusted to use the full sensor
size for the image of the solar cell and camera is focused to the luminescence emission. Finally,
the parameters characterizing the measurement conditions are set in the data acquisition program.
A batch mode may be used to automatically measure luminescence images at a sequence of
measurement conditions.

After this preparations the data acquisition is fully automatic. The data acquisition program
first initializes all devices and, in case of a solar cell, performs a contact check. Then, the power
supply and the laser are switched from standby to operating mode to stimulate the luminescence
emission. While the camera is capturing the luminescence image the temperature of the sample is
measured and in case of a solar cell additionally the applied voltage and current. After exposure,
the resulting luminescence image is read out from the camera and the power supply and or the
laser are put back into standby mode. This procedure is repeated with the laser and the power
supply in standby mode (no luminescence stimulation) to measure the so-called dark image. The
dark image is automatically subtracted from the luminescence image to account for remaining
stray light and any camera offsets.

To improve the signal-to-noise ratio the data acquisition process is repeated as often as
required. After averaging M -times, the signal for each pixel

1 M
No= - Z Ny (2.4)
(2

and the standard deviation

1 M

0= \| 37 D (Ne = Nes)? 2.5)

(2
is calculated. The signal-to-noise ratio becomes

N, N,
SNR = —% = —5 /I, (2.6)

U Os

where u = o/ /M is the standard deviation of the mean.

A non-uniformity correction (NUC) of the acquired images is necessary to correct for
inhomogeneities of the lateral quantum efficiency of the camera sensor and inhomogeneous
transmission of the lenses and filters. Therefore, the luminescence image is divided by the NUC

12
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image which is captured using a homogeneous luminescence light source. My approach is to
use the same focus settings as for the real measurement but with the camera as close as possible
(typically 10 cm) above a monocrystalline solar cell. In this position the solar cell is completely
out of focus for the camera and illuminates the sensor homogeneously. The NUC image is
captured with an exposure time corresponding to three-fourths full well capacity and repeat the
measurement at least 100 times to lower the dark and photon noise.

Further correction of the images is required if defect pixels exist. Defect pixels on the sensor
have no signal at all (dead pixel) or too much signal (hot pixel) due to a high dark current. These
defect pixels have to be neglected in any quantitative analysis. Most of the defect pixels are at a
fixed position and can thus be identified easily and corrected for by assigning the average value
of the neighboring pixels.

13
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2.3 Exemplary luminescence images

The presented experimental setup allows to measure the luminescence emission of solar cells and
wafers at different operation conditions.

2.3.1 Silicon solar cells

Figure 2.4 shows three images of the luminescence emission of a poorly processed multicrystalline
silicon solar cell. The total measurement time for all images is 20 s. In all images, the busbars
and the fingers appear as dark lines because the luminescence photons cannot emerge at this
regions from the solar cell. Fig. 2.4(a) shows an electroluminescence image at an applied voltage
of 625 mV. In this image a dark pattern can be observed in the upper left side and some dark but
non-symmetric regions in the lower right. Fig. 2.4(b) and (c) show photoluminescence images of
the same solar cell. For this images, the laser illumination is set to 0.5 suns. While the solar cell
in Fig.2.4(b) is held at a specific working point (PL-wp) all current is extracted from the solar cell
in Fig. 2.4(c), which means short-circuit conditions (PL-sc). The dark pattern of the EL image
appears bright in the PL-wp image and disappears in the PL-sc image. The dark non-symmetric
regions on the lower right side appear are also observable in the PL-wp and PL-sc images.

The images in Fig. 2.4 demonstrate high-quality images that are full of information on the
strengths and weaknesses of the investigated samples. In this work, I will only give a short
qualitative interpretation of these images. Clearly visible in Fig. 2.4 is a locally increased series
resistance probably induced by the transport band in the solar cell’s firing process. While this
series resistance appears as a decreased luminescence signal in the EL image [see Fig. 2.4(a)],
it leads to an increased signal in the PL-WP image [see Fig. 2.4(b)].°! In contrast, the PL-sc
image [see Fig. 2.4(c)] does hardly show any pattern of the local series resistance. This becomes
understandable if considering the shape of the light IV characteristics where a small or moderate
series resistance does not have any impact on the short circuit current. The PL-sc image shows
the diffusion-limited carriers,!'%*! as will be explained in section 7.1.4. The recombination
properties of the multicrystalline material are visible in all three images shown in Fig. 2.4. Shunts
would appear as a decreased luminescence signal in the EL and in the PL-wp image. Obvious
shunts are not present. Unless the shunt resistance is very small it will not appear in the PL-sc
image.

2.3.2 Silicon wafers

Figure 2.5 shows the effective lifetime image of a multicrystalline silicon wafer. The lifetime
values were obtained by a PL. measurement calibrated with steady-state photoconductance. *°!
The PL image is captured with the Hamamatsu camera at an illumination intensity of 1.5 suns
and a total measurement time of 3.5 s. The high illumination intensity could be achieved because
only a region of 8 x 8 cm? was measured.

The image shown in Fig. 2.5 of a silicon wafer shows the local effective lifetime. Clearly
visible are the grains and the grain boundaries of the multicrystalline material. The grains appear
in Fig. 2.5 as quite homogeneous regions with lifetime values around 15 ps. These regions
are separated by grain boundaries which correspond to dark lines with a high recombination
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Figure 2.4: Luminescence image of a poorly processed multicrystalline solar
cell at different working points. The images are captured with the cheetah
camera.
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Figure 2.5: Lifetime image of a multicrystalline wafer captured with the Hama-
matsu camera. The effective lifetime was calibrated with steady-state photo-
conductance.3° The total measurement time for the PL image is 3.5 s and the

spatial resolution 155 pm.

activity. In addition, areas with a high density of dendritic lines are found which originate from
recombination active intragrain defects such as stacking faults and dislocations. These crystal

irregularities are recombination active due to dangling bonds or decoration with recombination

active impurities. [4°]
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2.4 Camera noise analysis

I carry out a detailed noise analysis for the different cameras used in the presented experimental
setup. This noise analysis focuses on the analytical determination of the signal-to-noise ratio

SNR = Ny 2.7)
U
which depends on the number of generated signal electrons Ny and its standard deviation of the
mean u. Based on this noise analysis I deduce sets of camera parameters to obtain the highest
signal-to-noise ratio.

In every camera system many noise sources exists, ! but for luminescence measurements I
identify photon noise, dark noise, readout noise and cooling fluctuations as the most dominant
sources. In the following, I give a short review of the different noise sources. Note that the
presented statistics of the noise sources are only valid if the analysis is carried out in signal
electrons (and not in digital units).

2.4.1 Different noise sources of luminescence measurements
Signal electrons and noise

The photon noise is an elementary characteristic of the discrete nature of the light and is described
as a variation of the emitted photons in time. It is described with the Poisson statistics and the
variance of Npp, photons is IVp,},. These photons are converted to signal electrons with the sensor’s
quantum efficiency n(A),

N, = n Ny, (2.8)

Hence, the statistical noise of the photons is directly assigned to the signal electrons. Thus, the
variance 03 of N signal electrons is

02 = Ny = Dy toxp, (2.9)

S

where I used the signal electron flux ®g, describing the generated signal electrons per time and
per pixel, and the exposure time Zx;, of the sensor.

Dark electrons and noise

Thermal stimulation within the sensor generates free electrons Ny, which are indistinguishable
from the signal electrons and thus wrongly counted as signal. Besides, the same Poisson statistics
applies to those thermally generated electrons and thus their variance using the dark electron flux
Dy 18

Ugrk = Nark = Park texp- (2.10)

Readout noise

The readout noise o, is added to each pixel due to the readout electronics. The readout electronics
handles the amplification of the signal electrons, the conversion into a voltage and its digitization
to digital units.

17
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Cooling fluctuations

Fluctuations of the sensor’s cooling cause an additional noise source o, because the amount
of dark current mainly depends on the sensor’s temperature. Temperature fluctuations vanish in
the used Si cameras because of the very deep cooling and the large band gap. Instead, for the
used InGaAs camera, oy, is a quite substantial noise source. I estimate oy, by measuring the
temperature variance and the relation of temperature and dark signal.

2.4.2 Noise modeling

For a modeling of the signal-to-noise ratio the total noise of the image acquisition has to be
determined from the presented parameters. Since the noise sources are not correlated, the
variances simply add up to the total variance. For the total noise o4¢ of the dark-frame subtracted
image,

0l = 02 + 205 + 2(0% + Tenp)s (2.11)

the dark noise and the readout noise have to be counted twice as these noise sources are contained
in the illuminated as well as in the dark image. The noise of the dark-frame subtracted image
is thus bigger than the noise of the single image. However, the subtraction of the dark frame is
substantially necessary for the quantitative analysis of luminescence images since it removes the
dark current and remaining stray light from the signal.

Equation (2.11) holds for sensors without amplifying gain. For electron multiplying (EM)
CCD sensors, another noise source comes into play which is called excess noise F' and is a result
of fluctuations of the signal multiplying gain g.[**] This signal multiplying gain noise effects
also other detected electron charges except the readout noise. Therefore, for EMCCD sensors
Eq. 2.11) becomes [+’

oar = 9" F? (02 + 203 + 200,,) + 200, (2.12)

The excess noise F' can be well estimated *”! with v/2 and the gain ¢ depends on the specific
camera settings. In the following, Eq. (2.12) will be used for the total noise; the non-amplifying
case is obtained using g = 1 and F' = 1.

The presented setup allows to average multiple images M times. This results in a smaller
standard deviation of the mean of

w= 24 (2.13)

VM

Putting the sum of variances [Eq. (2.12)] and the latter equation of the absolute error [Eq. (2.13)]
into the definition of the signal-to-noise ratio [Eq. (2.7)] gives

SNR = \/M(I)s g texp ) (F2 92 ((I)S +2 (I)drk) texp+

12 (2.14)
+20?0+F29220t2mp) .

18



CAMERA-BASED SETUP FOR LUMINESCENCE MEASUREMENTS - CHAPTER 2

Maximum signal-to-noise ratio

The question arises which camera settings (long exposure time or often averaging) to choose to
obtain the best signal-to-noise ratio in a total measurement time

T =2Mtexp. (2.15)

Using the parametrized signal-to-noise ratio of Eq. (2.14) I deduce that due to the readout- and
offset-noise a long exposure time always gives a higher SNR than averaging more often with a
shorter exposure time. More generally, since the exposure time is limited by the full well capacity
Nrw, I state that for a certain luminescence intensity and dark current the exposure time giving
the highest SNR is

h- Npw
= 2.16
TP Py 4 Dy (2-16)
The factor i accounts for the optimum range of each camera to maintain a good linear relationship
of impinging photons and resulting signal. Since it is recommended to not fully saturate the pixel
usually h ~ 0.75 is used for the cameras used the presented experimental setup. Putting Eq.
(2.16) into Eq. (2.14) I obtain

SNR™™ = /T ®g g -

{max 2.17)

exp

.\/2F2g2 (s + 2 Pgpx) - 11X + 402 + 4 F2 g2 0l

which holds if

M™" =T/2/t50 > 2 (2.18)
is a whole number. The maximum possible SNR of the camera thus depends on the particular
camera settings and the luminescence intensity. Different cameras can be better suited for low
intensity than for high intensity and vice versa.

2.4.3 Calculations and measurements
Signal-to-noise ratio image examples

Figure 2.6 exemplary demonstrates that a long exposure time yields a higher signal-to-noise
ratio than often averaging. Both images are taken for the same solar cell at the same operation
conditions. The total measurement time 7" = 200 s was held fixed. The measurement parameters
exposure time and number of averages are set for Fig. 2.6(a) to 1 s and 100 times and for (b)
to 100 s and 1 time. It can be clearly seen that the image quality of Fig. 2.6(b) is better which
corresponds to a higher signal-to-noise ratio of 12.0 [compare to 2.9 for (a)].
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fo,=1s M=100

Figure 2.6: Comparison of luminescence (EL) images of a silicon solar cell
using a constant total measuring time. I measure for image (a) a SNR of 2.9
and for images (b) 12.0. The images are captured using the sensicam ge silicon
CCD camera.

Signal-to-noise ratio as a function of exposure time

For each camera type I experimentally determine the parameters 0o, Otmp, Park and P for the
same source of luminescence. The results are listed in Tab. 2.1. Note that the InGaAs-Camera
(cheetah) has a much higher dark electron flux than the Si-cameras. Using Eq. (2.14) I can thus
calculate the expected SNR for each exposure time and luminescence intensity and compare the
calculation with directly measured SNR values. Figure 2.7 shows the results for all three cameras.
A good agreement over a wide range of exposure times demonstrates the validity of the presented
model and of the determined parameters.

Maximum signal-to-noise ratio

For the cameras investigated in this work Fig. 2.8 shows the dependence of the SNR of each
camera to a certain luminescence intensity. The lines in this figure correspond to calculated
values while the points are measured values. For a better understanding and comparison, the
luminescence intensities are expressed additionally as a local voltage. Note that the correlation to
the local voltage does only hold for the specific setup used.

In Fig. 2.8 a good agreement between the measured and simulated data is obtained. As
expected, the SNR of the InGaAs camera is about one magnitude higher than the SNR of the Si
cameras investigated in. But looking at camera costs per SNR achievable I can’t identify a clear
winner. It also becomes clear in Fig. 2.8, that the suitability of the different cameras and different
camera modes to measure a high-quality image of the luminescence emission depends on the
amount of captured luminescence. The EM mode of the Hamamatsu C9100-13 is better suited to
very low signal measurements while the normal camera mode gives a better SNR for high signals.
This behavior is observed in Fig. 2.8 in the simulated as well as in the measured data.
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Figure 2.7: Calculated (lines) and measured (points) SNR curves for the sensi-
cam ge and the cheetah camera for the same luminescence intensity of a solar
cell hold at 550 mV. The resulting signals were averaged 20 times.
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Figure 2.8: Comparison of the maximum signal-to-noise ratio for different

cameras. The total measurement time is T = I s. The lines give the simulated
signal-to-noise ratio and the points correspond to measured values.
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2.5 Short summary

I built and characterized a luminescence imaging setup allowing for a quantitative analysis of the
luminescence emission of silicon solar cells and wafers. The main challenge of such a setup is
the appropriate choice of the optical filters and of the camera.

Optical filters are required to protect the measurement of the excitation light. I found that
two different types of filters are necessary. One bandpass filter is positioned at the exit of the
homogenization optics and blocks the amplified spontaneous emission at wavelengths other
than the central-wavelength. The second filter is positioned before the camera. It is a stack
of two interference and one absorbing glass filter and exhibits a high optical density at the
central-wavelength of the laser.

Regarding the choice of cameras, I compared three different types of cameras with respect to
the resulting signal-to-noise ratio (SNR) for luminescence imaging. The SNR of the used indium
gallium arsenide (InGaAs) camera is about one to two magnitudes higher than the SNR of the
two silicon (Si) cameras under investigation. For the two silicon cameras, the electron multiplier
gain is only an advantage for samples under low excitation conditions but suffers from a lower
SNR under higher excitation conditions. But from an economically point of view, looking at
camera costs per SNR achievable, no clear winner could be identified.
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CHAPTER 3

Physical background of luminescence photon generation and
emission

This chapter covers the luminescence photon generation inside the solar cell and the detection
geometry. It describes in detail the radiative recombination process of charge carriers which
generates the luminescence photons. These photons then travel through the semiconductor until
they are absorbed again from the silicon or are emitted from the surfaces. By considering only
the luminescence photons, which are finally sent in direction to the detector, I obtain in the
present chapter an expression, which describes the luminescence photon emission detectable with
a camera.

3.1 Detection geometry

Figure 3.1 introduces the detection geometry and the relevant physical parameters used throughout
this work. The generation of luminescence photons (7,,) may be stimulated electrically (EL) or
optically (PL). While a voltage V1 is applied to the solar cell for the electrical stimulation, the
optical stimulation is performed by illumination of the sample with monochromatic light (7imp).
The electrical or optical stimulation of the semiconductor generates excess charge carriers (e~ and
p1), which may consequently recombine radiatively under the generation of a luminescence
photon (y1,m,). Since the generated luminescence photons are send isotropically in all directions,
only a small fraction reaches the front surface and is emitted from the surface element Ag [ecm™2]
in direction to the detector. In a camera-based setup, as shown in Fig. 3.1, the size of Ag is
determined by the used optics and the size of one pixel.

In this first section, I focus on the generation of luminescence photons within a small volume
V' of the semiconductor device. I discuss the refractive index and the absorption coefficient
of silicon, relate the luminescence photon generation to the black body radiation and analyze
the spectral coefficient of radiative recombination. Consequently, this allows me to derive an
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3.1. DETECTION GEOMETRY
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Figure 3.1: Luminescence imaging detection geometry. Electrons (e~ ) and
holes (p*) are generated electrically (Vapp1) or optically (Yimp). They may
recombine radiatively under emission of a luminescence photon (Yium)-

expression of the luminescence photon emission from the sample’s surface which depends on the
excess charge carrier distribution within the solar cell’s base and an emission probability for each

generated luminescence photon.
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3.2 Luminescence photon generation inside the solar cell

3.2.1 Radiative recombination

The radiative recombination of an electron (¢~) and a hole (p™) results in the generation of a
luminescence photon (71um). Thus, the total generation rate Gy, [ecm™3s~!] of luminescence
photons equals the rate R,.q [cm—3s~!] of radiative recombination,

Gph = Rraq = Braa np. (3.1

Here Bi,q [cm3s™1] is the integral coefficient of radiative recombination and n [em~3] and P
[cm 3] are the electron and hole densities. Bi,q is obtained by

Brad = Ceh Blovw (32)

where Bjoy, [cm3s™!] is the integral coefficient of radiative recombination obtained at low carrier
densities and Cly, is a factor which accounts for the enhanced probability of finding an electron
and a hole in the immediate vicinity of each other.°"! By, follows by integrating the spectral
radiative recombination coefficient bjoy () [cm2s~1] over the entire spectrum,

BlOW:/ A biow (A). (3.3)
0

biow thus also defines the spectral luminescence photon generation rate gy, [em—4s71],

gph()‘) = Cen blow()‘) np, (3.4)

which I will use in the next section to derive the spectral luminescence photon emission from the
solar cell surface.

Van Roosbroeck”!! demonstrated that the rate of radiative recombination directly follows
from the principle of detailed balance. This principle states that the spectral rate of radiative
recombination at thermal equilibrium for an elementary wavelength interval d at wavelength A
is equal to the corresponding rate of generation of electron-hole pairs by thermal radiation. Thus,
van Roosbroeck obtained for the rate of radiative recombination for nondegenerate occupancies
of the bands (hv > kT)

(3.5)

with the photon’s frequency v = cg/A (and thus |dv| = |d)| co/A?) and the absorption index
Kk = a /(47 ngi). ng; is the refractive index of silicon, ¢y [m/s] the speed of light in vacuum and
a [em™!] the absorption coefficient. With Eqgs. (3.1) to (3.5) I determine the spectral coefficient
of radiative recombination,

n&: hco
blow (A) dA = 4 2 o exp <—)\ kT) d, (3.6)
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Table 3.1: Overview of rates, photon fluxes and coefficients used in this section.

Unit Description

Riag  [em™3s71] Rate of radiative recombination per volume and time.

Gph [em3s™1] Generation rate of luminescence photons per volume and time.

9ph [ecm~4s71] Spectral generation rate of luminescence photons per volume, time
and wavelength interval.

Biaq  [cm3s™1] Integral radiative recombination coefficient at arbitrary carrier
densities.

Biow  [cm3s™1] Integral radiative recombination coefficient at low carrier densities.

blow [em2Zs1] Spectral radiative recombination coefficient at low carrier densities.

épp  [ecm™3s7!sr~!]  Planck’s black body photon flux density per volume, time and

solid angle.

written in terms of wavelengths.? In the latter equation, n; [em—3] is the intrinsic carrier density.
The spectral coefficient of radiative recombination can be written in a more simple manner

by using Planck’s law describing the black body photon flux density, [>*!
2 Co h Co
A)d\ = — - dA. 3.7
Pbb(N) a eXp( AkT) (3.7
épp [cm™3s~1sr!] in the latter equation is a photon flux density and gives the number of emitted

photons in the wavelength interval d\ per volume, solid angle and time.? Using ¢y, in Eq. (3.6)
yields

2
na.:
biow(A) dX = 47 n% o Gpp dA. (3.8)

1

Note that the multiplication with 47 in the latter equation transforms the photon flux density per
solid angle into a spherical photon flux density. For convenience, the different rates, photon fluxes
and coefficients used in this section are summarized in Tab. 3.1.

*For the conversion I used the thermal equilibrium, Ce, = 1 and n-p = nl2 Note that in this context I splitted the
luminescence photon generation rate for an excited semiconductor in the terms biow and n p, as indicated in Eq. (3.1).
A fully thermodynamical treatment of the spectral luminescence photon generation rate of an excited semiconductor
was carried out by Wiirfel, " who introduced the chemical potential for photons and thus was able to describe the
emission spectra of non-thermal radiation.

bqbbb as defined in Eq. (3.7) can be visualized as follows: A black body of volume V' [cm?®] at a certain temperature
T emits radiation in all directions. Spanning a sphere S around the volume and counting all photons of wavelength A
passing S gives a total of 47 - ¢, (A) - V' photons per second (47 is the size of a unit sphere).
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Wavelength-dependence of the refractive index, the absorption coefficient and the black
body radiation

The refractive index ngi()\), the absorption coefficient «(\) and the black body photon flux
¢pb(N) are the wavelength-dependent parameters of Eq. (3.8). Regarding luminescence imaging,
especially the properties of the absorption edge of silicon is of main interest. This corresponds to
the wavelength range from 900 nm to 1400 nm.

The refractive index ng; relates the velocity of light within silicon to the velocity of light
in vacuum. At room temperature ng; decreases from 3.62 at 900 nm to 3.49 at 1400 nm.*! In
comparison to the parameters « and ¢y, described in the following, the wavelength-dependence
of ngj in the relevant wavelength-range is negligible.

The absorption coefficient v together with Lambert-Beer’s law [see i. e. Eq. (4.13)] determine
how far light, of a particular wavelength, can penetrate into a material before it is absorbed.
Several mechanisms contribute to this absorption of photons in silicon. In the visible range of the
spectrum, the most dominant effect is the band-to-band absorption (absorption coefficient aypoy,),
which is the basic process for semiconductor-based photovoltaics. Photons with energies above
the band gap generate excess carriers by lifting electrons from the valence to the conduction band.
Silicon is an indirect band gap semiconductor. Thus, the band-to-band absorption process is
phonon-assisted resulting in a low absorption coefficient compared to direct band gap semiconduc-
tors. 972 Several authors °*°7="1 determined experimentally the absorption coefficient of silicon.
Figure 3.2 shows the widely accepted data (red data) published by Keevers and Green.[>>71 It
demonstrates that the absorption coefficient « is strongly dependent of the photon’s wavelength.
It decreases within the shown wavelength interval in the order of nine magnitudes and thus has a
strong impact on the generation of luminescence photons [see Eq. (3.6)].

The black body photon flux density ¢y}, gives the number of photons per wavelength interval
which a black body emits at a specific temperature. Figure 3.2 shows ¢y}, (green solid line) as
calculated with Eq. (3.7) for a temperature of 300 K. It demonstrates that ¢y, increases within
the relevant wavelength interval in the order of four magnitudes.

3.2.2 Spectral coefficient of radiative recombination

The resulting distribution of the coefficient of radiative recombination byoy (), given by Eq. (3.8),
is shown in Fig. 3.3. bjow(A), and thus the generation of luminescence photons, increases
exponentially for wavelengths up to 1000 nm. For these wavelengths b}, is mainly determined
by ¢, (see Fig. 3.2). For longer wavelengths the absorption coefficient a1, begins to weaken
the increase until a maximum is obtained at about 1125 nm. b),,, then decreases rapidly because
the photons energy becomes smaller than the band gap of silicon.

3.2.3 Integral coefficient of radiative recombination

The area underneath the red curve in Fig. 3.3 represents [see Eq. (3.3)] the integral coefficient of
radiative recombination B, at low carrier densities. The integration of the data in Fig. 3.3 from
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Figure 3.2: Calculated black-body spectrum (green solid line) and absorption
coefficient of silicon (red data) in the wavelength range relevant for lumines-
cence imaging. The absorption data is taken from Ref. 57.
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Figure 3.3: Spectral coefficient of radiative recombination at low carrier densi-
ties.
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Figure 3.4: Coulomb enhancement of the coefficient of radiative recombination.

900 nm to 1400 nm yields®
Blow = 4.7 x 107'% cm®s™1. 3.9)

This value is the same as given in Ref. 60, where the authors state that it is more reliable than
previously published values. [©'=64

3.2.4 Coulomb enhancement of the coefficient of radiative recombination

The coefficient of radiative recombination B,.4 is enhanced by the Coulomb attraction between
electrons and holes, which leads to an increased hole density in the vicinity of an electron, and
vice versa. This enhancement depends on both temperature°>-°'! and carrier injection level; "]
it varies with the amount of screening among the free carriers. Figure 3.4 shows the calculated
injection level dependence for 300 K using the parametrization of Altermatt et al.!®! In order to
obtain the absolute values of B,,q from Fig. 3.4, the data needs to be multiplied with the value of
Biow given in Eq. (3.9).

The data in Fig. 3.4 shows that the coefficient of radiative recombination declines with
increasing hole or electron density or with increasing dopant density. However, for carrier
density ranges well below the base dopant concentration, Cy}, and thus B,.,q do not depend on
the injection level. For the examples shown in Fig. 3.4 this assumption holds for carrier densities
one magnitude smaller than the dopant density.

“Note that the integration of the data can also be carried out over all wavelengths since bjoyw becomes negligibly
small for wavelengths shorter than 900 nm and larger than 1400 nm.
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3.3 Luminescence photon emission from the solar cell surface

The usual approach to describe the luminescence photon emission of one local surface element
is to integrate the spectral luminescence photon generation rate gy, [cm~4s71] as defined in
Eq. (3.4) over the depth W of the sample,

w
o\ d\ = dA / 4= fout biow (A) Con 10 p, (3.10)
0

Here, ©(A\) [em~3s!] gives the number of photons per time, per surface element and per
wavelength interval. f,, is an emission probability for each luminescence photon generated at z
(isotropical generation) to be emitted from the solar cell’s surface into the solid angle of detection
Q. Q2 is shown in Fig. 3.1 and is mainly determined by the used camera optics and the distance
of the camera to the sample. The emission probability f,u: accounts for internal reflections and
reabsorption within the sample and is thus strongly dependent on z. Equation (3.10) has to be
integrated over wavelength (i. e. the slit width of a spectrometer),

A2
<I>lum(>‘): N d)‘@()‘)a (311)

to give Py () [em~2s71], the number of photons of wavelength A (A\; < A < Ay) emerging
from the surface per time and per surface element.

At first sight the luminescence integral defined in Eq. (3.10) only holds for planar surfaces.
For textured surfaces the photons, which are emitted from the solar cell’s surface in direction to
the detector, have not necessarily been generated in the volume underneath the place of emission
E. Contrarily, they might stem from different locations.

Three-dimensional ray-tracing programs (i. e. SunRays!°°! or RaySim!®”1) may account for
all relevant optical effects of textured surfaces and programs based on finite element methods
(FEM) can account for all electrical effects. However, these programs are still too time-consuming
to allow for example a fitting of experimental data. In addition, an analytical description allows
for a better understanding of the underlying effects.

In most practical cases a one-dimensional electrical model is sufficient to model transport
mechanisms and carrier distribution within standard industrial silicon solar cells (see chapter 4).
Thus, an one-dimensional optical model which allows the simulation and analysis of experimental
data is much sought after. In chapter 5 of this work I show that the factor f,, is related to the
absorption of impinging photons and thus is directly obtained from models developed i. e. for
quantum efficiency analysis.

3.4 Solar cell structure analyzed in this work

I focus on the luminescence emission of crystalline silicon solar cells with a textured front surface.
Without loss of generality I assume a p-doped base region of thickness W}, [um] and an n-doped
emitter at the front side of thickness W, [nm]. The contributions of thin but highly doped regions
(i.e. emitter and back surface field) to the total luminescence emission is negligible.!”! This allows
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to simplify the integral in Eq. (3.10) by restricting the bounds of integration to the base region of
the device.
The product n - p in Eq. (3.10) is determined by

n(z)-p(z) = (no + An(z)) - (po + An(2)) .
= nopo + An(2) - (po + no) + An(2)?, '
where ng [ecm ™3] and pg [cm ™3] are the thermally and An [em™3] and Ap [cm ™3] the stimulated
(electrically or optically) excess electron and hole carrier concentrations, respectively.
Assuming charge neutrality and room temperature (ng << Ny ), the term pg in Eq. (3.12)
can be replaced by N [cm ™3], the dopant concentration of the base. For low-level injection
(An < Ny) and room temperature the product of electron and hole carrier densities, n(z) - p(z)
in Eq. (3.12) further simplifies to

i An(z) - Na. (3.13)

n(z)-p(z)
In addition, within the low-level injection range, the Coulomb enhancement factor Cly, is in very
good approximation independent of the excess charge carrier density [see Fig. 3.4 and Ref. 50]
and thus independent of 2.
By inserting the previous approximations into Eq. (3.10), I obtain

Wy

©(A) dX = dA, Np Cop, biow (M) /dz fout (2, A) An(z) (3.14)
0

as a good approximation.

3.5 Camera signal

The resulting ¢, as given in the previous section, determines the luminescence photon flux per
wavelength interval, which is emitted from the sample’s surface into the detection cone (2. These
luminescence photons are then collected within one pixel of the camera. After a certain exposure
time, the camera translates the collected luminescence photons into a camera signal S [counts]:

S = Cconv : texp : AE‘ : / dA Qcam()\) Toptics()\) SO()\) (315)
0

Here, C.ony [counts/eh] is the conversion factor from generated electron-hole pairs in the pixel
to digital units or counts, ¢y, is the exposure time, A is the size of the surface element which
is imaged by one pixel, Qcam () accounts for the spectral quantum efficiency of the detector
and Tiptics(A) is the transmittance of all optics in-between the sample and the detector itself,
including filters and lenses.

dNote that the term no - po always vanishes if the luminescence measurement is carried out with darkframe-
subtraction.
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3.6 Solving the luminescence integral

In accordance to Eq. (3.10), the calculation of the emitted luminescence photons from the solar
cell surface in this work is carried out in three steps:

* First, I calculate charge carrier distributions An(z) within the solar cell base for different
working points (see chapter 4 for details).

* Second, I analyze the detection probability fo,:(z) and modify the luminescence integral
to accurately describe textured silicon solar cells (see chapter 5 for details).

* And third, I demonstrate the applicability of the derived equations by describing measured
luminescence spectra. Regarding camera-based measurements, I explicitly carry out the
integration of Eq. (3.14) to obtain analytical solutions for the photon flux emitted from the
solar cell’s front surface into the solid angle of detection (see chapter 6 for details).
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CHAPTER 4

Charge carrier distributions within the solar cell base

For photoluminescence (PL) imaging, photons from the impinging flux ®;.,,, o are absorbed
within the semiconductor and generate electron hole pairs. Contrarily, for electroluminescence
(EL) imaging, the impinging photon flux is zero. In this case, charge carriers are injected
into the solar cell base across the p-n junction by an applied voltage. For both cases (EL and
PL) an equilibrium establishes between the generation (or injection) of charge carriers and the
recombination (or extraction) at the surfaces and within the solar cell’s base. As a result an excess
charge carrier distribution An(z) is obtained and the radiatively recombining charge carriers give
rise to the luminescence photon generation.

4.1 Diffusion equation of charge carriers

4.1.1 Three dimensions

Fick’s first law relates the dynamics of charge carriers to the gradient of their concentration
field. It postulates that the flux diffuses from regions of high concentration to regions of low
concentration, with a magnitude D that is proportional to the concentration gradient. In three
dimensions, this is

—

J(#) = —DV (An(#)) , @.1)

where J [cm ™25~ 1] is the charge carrier flux passing the surface of a small volume element dV'
at a position 7 [cm], D [cm?s~!] the diffusivity of the charge carriers and An [cm ™3] the excess
charge carrier concentration within dV.

In each volume element dV of the solar cell’s base generation G and recombination R of
electron-hole pairs occur. Under steady state conditions, the continuity equation describes the
conversation of charge carriers within dV'. Figure 4.1 illustrates this equation: The number of
charge carriers J;,, + G, entering the small volume dV/, has to equal the number J,,; + R, leaving
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Figure 4.1: Under steady state conditions, the continuity equation describes
the conversation of charge carriers within dV : The number of charge carriers
Jin + G, entering the small volume dV, has to equal the number Jo. + R,
leaving dV .

dV. In three dimensions, the continuity equation reads
VJ(F) = G(7) — R(P), 4.2)

where G(7) [em™3s71] and R(7) [cm~3s7!] denote the rates of electron-hole-pair optical gen-
eration and recombination, respectively. The recombination of excess charge carriers can be
expressed by

An(#)
@

where 7(7) [s] denotes the charge carrier lifetime at the position 7. Inserting Eq. (4.3) and

Eq. (4.1) into Eq. (4.2) one obtains

An(#)
()

a differential equation describing the diffusion of excess charge carriers inside the solar cell’s
base.

R(7) = 3)

DV?(An(7) - = —G(7), (4.4)

4.1.2 One dimension

In order to calculate an analytical solution of the one-dimensional minority charge carrier distri-
bution An(z) within the solar cell’s base I neglect any lateral diffusion perpendicular to the axis
z. The diffusion equation in Eq. (4.4) then becomes

D An(z) D d?An(z)

=0. 4.5
L% dz? “.5)

(I>imp,0 (1 - Rf) geh(z) -

Here, D [cm?s™ '] is the diffusion constant, L, = v/D 7 [um] the bulk diffusion length, Dimp,0
[cm~2s~!] the impinging photon flux at the outer surface of the sample which is reduced by
the external reflectance Ry at the surface and gep(2) [cm~!] the normalized, one-dimensional
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generation profile of excess charge carriers. gop(z) describes the rate Gop(2) [em™3s7!] of
optical electron-hole-pair generation per time and per volume,

Geh(z)

7 4.6
(I)imp,O (1 - Rf) ( )

geh(z) =
normalized to the impinging photon flux entering the base, ®inp - (1 — Ry). Note that while
®imp,0 in Eq. (4.5) and Eq. (4.6) describes the impinging photon flux at the outer surface of an
external illumination (i. e. a lamp), @, [see for example Eq. (3.14)] gives the emitted photon
flux of luminescence photons generated inside the semiconductor.

4.2 Boundary conditions of the diffusion equation

The luminescence emission of a solar cell can either be stimulated electrically (electrolumines-
cence, EL) or optically (photoluminescence, PL). In both cases, a specific working point (wp) is
defined by applying a voltage V1. While an applied voltage always leads to a current injection
in the EL case, PL. measurements up to the open circuit voltage leads to a current extraction. In
the following, I analyze the excess charge carrier distributions of all possible EL and PL operation
conditions. In principle, PL at an applied voltage (PL-wp) describes the excess charge carrier
distribution from the short-circuit (Vpp1 = 0) to the open-circuit (Vapp1 = Vi) case. However,
for the latter two cases, specific boundary conditions simplify the equations. For a better under-
standing, the PL derivations in this section are split up into photoluminescence at short-circuit
conditions (PL-sc), photoluminescence at an applied voltage (PL-wp) and photoluminescence at
open-circuit conditions (PL-oc).

Each operation condition (EL, PL-sc, PL-wp and PL-oc) leads to certain boundary conditions
which have to be considered in the differential equation given in Eq. (4.5):

* The generation profile g, (z) for the non-illuminated case (EL) is zero. For PL-sc, PL-wp
and PL-oc instead, the solar cell is illuminated with monochromatic light with a specific
wavelength Air,, [nm]. For the experimental setup presented in chapter 2 the illumination
is carried out using a semiconductor laser with a wavelength of 810 nm which implies an
absorption length of 13 pm in silicon. For absorption lengths much shorter than the device
thickness it is allowed to use a simplified generation profile

Olim —imp %
Gen1(2) = —= exp( L ) (4.7)

cos b1 cos 01

which I will explain in more detail in section 4.3. «imp in Eq. (4.7) is the absorption
coefficient of the impinging photons in silicon and #; denotes the angle of refraction of the
impinging photons due to a textured surface.

* At z = 0 the charge carrier concentration is pinned by the externally applied voltage to
a defined value for the EL, the PL-sc and the PL-wp case. This results in the boundary
condition %!

2

n: V;
i ? 4.
" Na xp <VT> ’ (4.8)
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Table 4.1: Boundary conditions of the diffusion equation for the EL, PL-sc,
PL-wp and PL-oc operation conditions. The generation profile gen,(z) does only
hold for impinging photons with wavelengths smaller than 850 nm. At the rear

surface (z = Wh,) the boundary condition for all operation conditions reads
SrearAn(Wb) =-D An/(Wb)

z=0 9eh (2) [ Aimp
EL ny = X,i exp(‘%) 0
PL-sc n;=0 cof)ismgi eXp(_Zc:shgf)
PLowp m = qoexp(fh) S exp(— 2l
PL-oc  SegAn(0) = DAn'(0) = exp(—25")

where V; is the local junction voltage, Vi is the thermal voltage, n; is the intrinsic carrier
concentration, Ny is the base dopant concentration and n; = An(0) [ecm ™3] is the excess
carrier density at z = 0. For PL-sc, the applied voltage at z = 0 is zero, implying n; = 0.
For PL-oc, a different boundary condition is required, which I explain in the next section
(Sec. 4.2.1).

¢ At z = W), the recombination current due to the rear surface recombination velocity Srear
must equal the diffusion current,

d

1reaurA =-D
Srear An(Wr) 7

An(z) }Z:Wb. (4.9)
The latter boundary condition is identical for all operation conditions investigated in this
work (EL, PL-sc, PL-wp and PL-oc).

All boundary conditions are summarized in Tab. 4.1.

4.2.1 Photoluminescence at open-circuit conditions

The open-circuit condition differs from EL, PL-sc and PL-wp since the local voltage and thus the
carrier concentration at the beginning of the base (z = 0) is not pinned to a defined value by an
applied voltage. Even though no current is intentionally extracted or fed-in at z = 0, the impact
of parasitic current losses has to be taken into account. These parasitic current losses include
for example recombination within the space-charge region, within the volume of the emitter, at
the front surface, at shunt resistances and beneath the metal contacts. And even worse, parasitic
current losses localized in the vicinity of the investigated region may have an impact on PL-oc
since all regions are interconnected by the emitter.

My approach for an analytical description is to lump all possible current losses into an
effective surface recombination velocity Seg [cm/s] acting at the front of the base (z = 0). The

The local junction voltage is discussed in more detail in Sec. 7.1.2, where also Eq. (4.8) is explicitly derived.
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PL-oc case is thus an equilibrium between the current extraction due to S.¢ and the diffusion
current provided from the volume of the base,

d
SetAnoc(0) = D %Anoc(zﬂz:o, (4.10)
similarly as for the rear surface in Eq. (4.9).
The PL-oc case applies not only to silicon solar cells but also to silicon wafers, where the
effective surface recombination velocity Seg corresponds to the front surface recombination
velocity of the wafer.
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4.3 Generation profile of charge carriers for optical excitation

Assuming that each electron-hole pair corresponds to one absorbed photon, the generation rate
Glen(#) is a direct measure for the change of the photon flux ®;,p(2) passing the medium,

d
Gen(z) = —%q)imp(z). (4.11)

Using the latter equation in Eq. (4.6) gives the normalized generation profile as

1 d

gen(z) = “Bmo (I_RD) 7, Dimp(2)- (4.12)

Lambert-Beer’s law for the impinging photon flux in one dimension reads
@imp(z) = (pimp,O (1 — Rf) - eXp (—aimp Z) . (413)
Thus, for a planar solar cell and short-wavelength photons the generation profile

geh(z)|planar,short = Oimp €XP (_aimp Z) 4.14)

directly follows.

The difficulty to derive the generation profile of charge carriers lies in silicon devices featuring
an optical confinement like a textured front surface or a highly reflecting rear surface. A textured
surface refracts any incoming photons which consequently travel inside the semiconductor with
a direction different to that of the illumination. Due to a highly reflecting rear surface photons
exhibiting absorption lengths longer than the base thickness (above 900 nm for 200 pm thick
solar cells) are reflected back into the solar cell device after hitting the rear surface. The photon
thus may travel various times between the front and the rear surface until being finally absorbed or
re-emitted from the surface. Due to an optical confinement, the photon path inside the solar cell
becomes a function of the topography of the rear and the front surface as well as the wavelength
of the photons. Figure 4.2 illustrates such a photon path for a solar cell featuring a textured front
surface and a partly rough rear surface. The illumination is performed at H; in a certain angle to
the front surface. The impinging photons are refracted at the textured surface and propagate from
the front surface to the rear surface with an angle 8. The long-wavelength photon propagation
(photons which are not absorbed within the first pass) is shown in Fig. 4.2 using the angles 6»
and 6,. In this figure, the photon is finally absorbed within a volume V', where consequently an
electron-hole pair is generated.

4.3.1 Literature solution

A complete description of gep, (2), which accounts for an infinite number of reflectances and holds
for textured surfaces, was originally introduced by Basore!®’! and was later extended by Brendel
et al.l’" with an improved description of long-wavelength photons in thin-layer silicon solar cells.
As the model in Ref. 70 is designed to describe thin-film solar cells, generation in the emitter is
explicitly considered. For industrial crystalline silicon solar cells, for which the thickness W},
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Figure 4.2: Light propagation within a silicon device featuring a textured front
surface and optical confinement.

of the base is much greater than the thickness W, of the emitter, the model can be simplified by
using only the base contribution. The one-dimensional generation profile reads [see Ref. 70]

o Qimp —Qimp~<
geh(?) ~ cos b P < cos 61 > *

imp T Ry exp <_aimp(Wb — Z)> +

cos 0 cos 05
Q; 1 (4.15)
colsmﬁp T ey Tz It 1—T2Rp Ry, .
n - 4in n n
—Wim —Wim Wy, —
exp ~Qimp® + T, Ry, exp imp (W, — 2) ,
cos 8, cos 0,

where i, is the absorption coefficient in silicon of the impinging photons of wavelength A;pp.
As shown in Fig. 4.2, the parameters 61, 6> and 6,, give the angles of light propagation, where
the indexes 1, 2 and n denote the corresponding pass or surface hit of the photon propagation
within the solar cell. Ry and Rpg, give the internal reflectance at the front surface, Ry,; and Ry,
give the internal reflectance at the rear surface and the transmittances 71, 15 and 7;, describe the
transmission of the i-th pass through the base. Details of how the different 6;- and T;-values are
determined can be found in Ref. 70 and in the appendix A of this work.

Generation profile examples

Figure 4.3 exemplarily shows resulting generation profiles for the wavelengths 800 nm, 860 nm,
930 nm and 1000 nm. The generation profiles are calculated for a solar cell with a textured front
surface (61 = 41°), a base thickniss of 200 wm and a diffusely reflecting rear with a reflectance
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Figure 4.3: Calculated generation profiles of four different wavelengths.

of one (R, = 1). The x-axis is shown in a logarithmic scale for a better visualization of the
generation close to the front surface.

The figure demonstrates that for short wavelength photons (high absorbtion) the generation
of charge carriers mostly occurs close to the front surface. For these wavelengths the generation
profiles rapidly decrease towards zero and all photons are absorbed before they reach the rear
surface. Instead, for longer wavelength photons, the generation close to the front surface is smaller
and the decrease towards the rear is less pronounced or is absent for very long wavelengths (very
low absorbtion).

4.3.2 Simplification of the generation profile for the used experimental setup

For the setup used in this work (Ajmp = 810 nm) and for solar cells with a thickness of about
200 pm, the generation profile given in Eq. (4.15) simplifies substantially because of the strong
photon absorption within the first micrometers. Reflections of impinging photons at the rear of
the solar cell do not appear in this limit because for the used illumination wavelength only a
negligible fraction of photons reaches the rear surface (see Fig. 4.3),

imp Wi imp=0.077 pm ™1
exp (— Qimp b> Gimp N 0, (4.16)
cos 01 Wi, >100 pm
and consequently 77 — 0 follows. The normalized generation profile in this limit reads
Qimp —Qimp 2
= —_— 4.17
geh’l(z) cos 01 eXp ( cos 01 ) ( )

and will be used to solve the differential equation [see Eq. (4.5)] for PL imaging. Nevertheless,
the complete solution of the generation profile given in Eq. (4.15) is of upmost importance since
it forms the base for the description of the emission probability fqus, as I will show in chapter 5.
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4.4 Solutions for the diffusion equation

4.4.1 Electroluminescence

As a result of the boundary conditions [see Tab. 4.1] and the diffusion equation [see Eq. (4.5)] I
obtain for the EL carrier distribution

_ Z Ly . z
Angk(z) = nq [cosh <Lb> T sinh (Lbﬂ , (4.18)

which is the well-known dark carrier distribution. Here, the effective diffusion length reads

Ly, Siear sinh (%) + D cosh (VLV—:)

LeH:LbLS h (%) 4 D sinh (Yo
b Orear COS Tn + Sin Tn

(4.19)

and describes the solar cell’s base recombination current!®”’!l expressed by the bulk diffusion
length Ly, and the rear surface recombination velocity Syear-

4.4.2 Photoluminescence at short-circuit conditions

In the PL-sc case the resulting carrier distribution is

(1 - Rf) COS((91) Andrk(z) aimpz
A = Pimpo- . . — — . 4.20
e (Z) P:0 D Qimp ni b COS 91 ( )
The latter equation was approximated by
imp W)
exp <—O“mpb> <1 (4.21)
cos 01
and
9 2
< ke ) <1 (4.22)
Qimp Ly,

Using this approximation, numerous additive terms could be neglected and a compact analytical
description of the PL-sc carrier distribution was obtained in Eq. (4.20). In the next chapter, this
simplified carrier distribution allows me to solve the luminescence integral analytically and thus
parameter dependences of the luminescence emission can be demonstrated easily.

The approximations of Eq. (4.21) and Eq. (4.22) hold for solar cells with a base thickness
of more than 150 um, an impinging photon flux of 810 nm (@, = 0.077 wm 1), and a bulk
diffusion length Ly, of more than 100 um. I demonstrate in Sec. 4.5.2 by a comparison to
charge carrier distributions obtained using the numerical device simulator PC1D, ! that the error
introduced due to the approximations in Eq. (4.21) and Eq. (4.22) is below 4 % for an impinging
wavelength of 810 nm.
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4.4.3 Photoluminescence at working-point conditions

Even though possible, I don’t explicitly calculate the PL-wp case here. Instead, I utilize a
fundamental superposition principle!’*~7>! stating that the carrier distribution inside the base at
an arbitrary working point (the solar cell is illuminated and held at a specific voltage) is the sum
of the dark carrier and the short circuit carrier distribution,

Angp (2, Aimp) = Andrk (2, Aimp) + Anse (2, Aimp)- (4.23)

This superposition principle is directly represented in the diffusion equation [Eq. (4.5)], which is
a linear differential equation. The dark case [gen(z) = 0] gives the homogeneous solution and
the short circuit case is one particular solution.

4.4.4 Photoluminescence at open-circuit conditions

Using the approximations introduced in Eq. (4.21) and Eq. (4.22) a simple analytical form

Anoo(2) = Bimpo - L) €080 off Qimp  Anan(2) _ (2 mp ) |y oy
’ D Qlimp cos 01 n1 cos 01

is also obtained for the excess charge carrier distribution at open-circuit conditions. Here, the
parameter

1+ Seft c0§01
K=o D o (4.25)
1+ D Leg

was introduced, where Seg is the effective front surface recombination velocity acting at the
beginning of the base as defined in Eq. (4.10).

The comparison of the analytical PL-oc carrier distribution in Eq. (4.24) to the numerical
device simulator PC1D in Sec. 4.5.2 demonstrates that the error introduced due to the approxima-
tions in Eq. (4.21) and Eq. (4.22) is below 1 % for an impinging wavelength of 810 nm.

Note that applying the approximations of Eq. (4.21) and Eq. (4.22) to the more general
approach of Duggan et al.,l’®! which describes the minority carrier distribution of thin non-
diffused epitaxial layers under optical excitation, gives consistent results.

4.4.5 Transformation PL-oc to PL-sc

The PL-sc carrier distribution is a limit of the PL-oc solution. For PL-sc, all excess electrons at
z = 0 are extracted, giving the boundary condition Ang.(0) = 0. This boundary condition is
expressed equally by an infinite effective surface recombination velocity, Seg — oo. Hence, the
factor K for PL-sc is
cos 6
K= lim K= !

eff — 00 Qimp Leg

(4.26)

Inserting the latter equation into Eq. (4.24) is consistent to the result of Eq. (4.20).
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Figure 4.4: Excess charge carrier densities within the base of a solar cell for
EL, PL-sc, PL-wp and PL-oc conditions.

4.5 Calculations and simulations of charge carrier distributions

4.5.1 Simulation of charge carrier distributions

The excess charge carrier distributions for EL, PL-sc, PL-wp and PL-oc as given by Eq. (4.20),
Eq. (4.18), Eq. (4.23) and Eq. (4.24), respectively, are calculated for a solar cell which exhibits a
bulk diffusion length of 264 pm, a rear surface recombination velocity of 600 cm/s, an effective
front surface recombination velocity of 200 cm/s® and a base dopant density of 1016 cm=3.
Excess charge carriers are generated optically by monochromatic light (810 nm, as used in our
experimental setup presented in chapter 2) of 2-10'7 ph/s/cm? (= 1 sun) and/or are injected
electrically by an applied voltage of 550 mV. The resulting charge carrier distributions for EL.
(orange line), PL-sc (red line), PL-wp (yellow line) and PL-oc (green line) are shown in Fig. 4.4.

Excess charge carriers are injected electrically into the base or are generated optically very
close to the front because of the small absorption length of 13 pm (810 nm) of the monochromatic
light. Consequently, all charge carrier distributions in Fig. 4.4 exhibit the maximum carrier density
close to the front surface. The EL (orange line) and the PL-wp (yellow line) carrier distributions
are fixed at z = 0 due to the applied voltage of 550 mV meanwhile the PL-sc (red line) carrier
distribution is fixed at zero. Note that for PL-sc the infinite sink at z = 0 extracts a vast
majority of the generated carriers but not all of them. A small part remains in the base due to
the diffusion limitation of the transport.!'®>! As a consequence, even at short-circuit conditions,

®Note that this value could for example stem from recombination within the emitter and at the front surface and
would thus correspond for the given base dopant density to a lumped emitter saturation current density of Jo. =
300 fA /cm?.
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luminescence photons are generated within the base of the solar cell. In the PL-oc carrier
distribution a very slight flattening is noticed in Fig. 4.4 for z — 0 as a cause of the effective
front surface recombination velocity. In addition, the carrier densities in the PL-oc case are about
one magnitude higher than for EL, PL-sc and PL-wp.

For all carrier distributions shown in Fig. 4.4 generated or injected excess carriers at the front
region also diffuse toward the rear surface. Due to recombination in the base and at the rear
surface a decrease toward z — W follows. At z = W the carrier loss due to the rear surface
recombination velocity is observable for all carrier distributions by a non-zero slope.

Superposition principle

The calculated carrier distributions in Fig. 4.4 allow to directly demonstrate the superposition
principle of Eq. (4.23). At z = 0 one observes that the charge carrier densities of PL-wp and EL
exhibit the same value. Together with a charge carrier density of zero for PL-sc the superposition
principle is fulfilled. Moreover, it holds for each depth z within the solar cell base. The sum of
the EL (orange line) and PL-sc (brown line) excess charge carrier density gives the charge carrier
density of the PL-wp distribution (yellow line).

4.5.2 Comparison of PL-oc and PL-sc to numerical device simulator

I verify for one particular set of parameters and for the experimental setup used in this work
(Ctimp 18 0.077 um_l) that the simplifications which were used for the derivation of the PL-sc
and PL-oc carrier distributions due to

im 4%
exp <—apb> < 1and (4.27)
cos 01
cos 01 2
( ) <1 (4.28)
Qimp Ly,

are valid [see Eq. (4.21) and Eq. (4.22)]. Therefore, I compare the analytical description of the
carrier distribution under open-circuit and short-circuit conditions according to Eq. (4.24) and
Eq. (4.20), respectively, with carrier distributions obtained by the numerical device simulator
PCID.!"?! The parameters used for this comparison are shown in Table 4.2. For a simple
determination of S.g I neglect current losses due to shunt resistances and recombination in the
space charge region. In addition, the emitter is reduced to an ideal thin layer allowing to calculate
the lumped emitter saturation current density Joe from the front surface recombination velocity
Stront and consequently the effective surface recombination velocity Seg follows (Sgont — Joe
— Seff )

In Fig. 4.5 the two excess carrier distributions An,. and Ang. obtained by PC1D are shown
by open symbols and the analytical carrier distributions [see Eq. (4.24) and Eq. (4.20)] as solid
lines. The qualitative agreement is excellent: The analytical curves lie on top of the simulated
curves within the whole base region. The numerical integration of the PC1D carrier distributions
compared to the analytical solutions [see Eq. (6.12) and (6.15)] differ for PL-oc by only 0.38 %
and for PL-sc by 3.31 %, giving also a good quantitative agreement.
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Figure 4.5: Excess charge carrier densities within the base of a solar cell
for PL-oc and PL-sc condition. The solid lines show analytical calculations
according to Eq. (4.24) and Eq. (4.20). For comparison, the numerical solutions
of the device simulation program PCID are shown as open symbols. The
parameters used for the solar cell simulation are given in Tab. 4.2.

Table 4.2: Simulation parameters for the comparison of the analytical solutions
of PL-oc and PL-sc to a numerical device simulator in Fig. 4.5.

wafer 300 pm thick, p-type, 1.47 Qcm

front Shont = 35825 cm/s, n-type emitter,
depth factor = 0.001 um, peak dop-
ing = 4.2 X 1019 ¢m—3 (Erfc profile),
Joe = 300 fAcm =2, Seg = 187 cm/s
(see text for calculation details)

rear Srear = 1000 cm/s

volume Ly = 300 pm, no injection depen-
dence, electron diffusivity 28.6 cm? /s,
Leg =298 um, L = 189 um

optics no exterior front reflection, planar sur-
face, all internal reflections 100 %

illumination  0.01 Wem™2, 810 nm (L, = 13 um)
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4.6 Short summary

In this chapter, I explicitly derived excess charge carrier distributions within the solar cell’s base.
These excess charge carrier distributions are one important part for the calculation of the total
luminescence photon emission from silicon solar cells.

Boundary conditions for the diffusion equation were derived for all possible solar cell working
points of luminescence imaging. Namely these working points are electroluminescence (EL),
photoluminescence (PL) at short-circuit conditions (PL-sc), PL at an applied voltage (PL-wp) and
PL at open-circuit conditions (PL-oc). I showed that for the illumination lenght of 810 nm used
in this work a single exponential decay for the generation profile is sufficient. An approximation
was introduced which holds well for solar cells with a base thickness of more than 150 um and a
bulk diffusion length of more than 100 um and allows to obtain simple analytical solutions for
the different PL charge carrier distributions.

Resulting charge carrier distributions of all working points were plotted and compared to
each other. A comparison of the analytical solutions to results from a numerical device simulator
gave good agreements.
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CHAPTER B

Luminescence photon emission probability

Measurable luminescence photon emission is located in the wavelength interval between approxi-
mately 900 nm and 1400 nm, where the absorption within the device is weak (see absorption
coefficient of silicon in Fig. 3.2 on page 28). Long-wavelength photons in combination with
silicon devices featuring an optical confinement, like a textured front surface or a highly reflecting
rear surface, make the derivation of the luminescence photon emission probability challenging. In
the presence of optical confinement, the luminescence photons may travel various times between
the front and the rear surface until being finally absorbed or emitted from the surface. Conse-
quently, the luminescence photon emission probability becomes a function of the topography of
the rear and the front surface as well as the wavelength of the luminescence photons itself.

5.1 Deriving the luminescence photon emission probability

5.1.1 Detection geometry

Aiming at the derivation of the luminescence photon emission probability, I focus on a system
which uses a camera as the detector for the luminescence photons and which allows to analyze
solar cells with textured front surfaces. Such a system is illustrated in Fig. 5.1(a). In this figure,
the camera is shown without loss of generality by a single pixel with its corresponding optics.
The solar cell is represented by thick horizontal lines corresponding to the front and the rear
surface. Each pixel of the camera images the luminescence photon emission of a certain region
AFp of the solar cell surface. Since the pixels are limited in size and has a certain distance to the
solar cell surface not all luminescence photons emerging from Ag reach the pixel, as it would
be the case for measurements with an integral sphere. Instead, the pixel only collects photons,
which are sent from A g into a certain spherical angle €2 (also often called a detection cone). Both
parameters, {2 and Ag, depend on the optical properties of the used experimental setup. Note
that the spherical angle 2 and A (and also ', ©}, A; and A) in Fig. 5.1(a) are not to scale
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Figure 5.1: All photons, which are sent from the surface element Ag into the
detection cone §2, are collected by the detector. Two volumes (Ay -dz and
As - dz) are shown, which contribute to the detectable photon emission. S is
the internal detection cone and Q] is the spherical angle of Ag seen from A;.

compared to the thickness of the solar cell and the distance of the camera to the solar cell.
Regarding a textured solar cell front surface, the microscopic and macroscopic front surface
orientation differs, as shown in Fig. 5.1(b).? Therefore, the usual perpendicular detection (fqet =
0) implies a refracted luminescence (fy > 0) emission path (red solid line in Fig. 5.1) inside the
solar cell device. It becomes clear that the detectable luminescence photons stem from many
different volume elements situated in the vicinity of Ag. As an example, Fig. 5.1(a) shows the
two volumes A; - dz and As - dz. Both volumes give rise to luminescence photons, which are
created at a certain depth zy and may finally emerge from the surface into one particular pixel of
the camera. Since the luminescence photon generation inside the volumes A; - dz is isotropical,
only the fraction which is sent into the internal detection cone 2/ can be collected within the
pixel. Here, 2 [©?] is shown in Fig. 5.1(a)] denotes the spherical angle of Ag seen from A;.

5.1.2 Summation of all involved volumes

The considerations of the previous section allow to express mathematically the number Ny, of
photons that were generated at a depth z and consequently emerge from the surface element Ag.

“For planar surfaces, the microscopic and macroscopic front surface orientation is the same. Therefore, the
luminescence emission path for a perpendicular detection is also perpendicular inside the solar cell device (for fully
specular rear surfaces).
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Nium follows from integrating the luminescence photon generation gy, given in Eq. (3.4), over
all volumes A;, which may contribute to the photon emission at A,

"
2

Nt Q
Num(z, Ag) = dzd\dt - Z/ dA - gon(z,\) -~ -T(dA, Ap). (5.1)
i=1 7 A

4

Here, T'(dA, Ag) was introduced, which denotes the transmittance from the volume dA - dz
to Ag. T(dA, Ag) includes besides photon reabsorption reflection properties of the surfaces.
Q0 is the spherical angle of Ag seen from A;, which is divided by the size of a unit sphere
(4m) because of the isotropical generation of luminescence photons. Equation (5.1) sums up all
volumes situated at a depth z, which may lead to photon emission at Ag; in Fig. 5.1 the first two
volumes A; - dz and As - dz are shown as an example.

Equation (5.1) simplifies to

"

> Q
Nium(z, Ap) = dzdXdt- Y Ai-gpn(z, A)-

—L.T(A; A 5.2
2 i ( E) (5.2)

for Q) < 47 and small volumes dz A;, because in this case the transmittance 7'(dA, Ag) can be
assumed as constant over the volume A; - dz.

5.1.3 Conservation of Etendue

The étendue d>G in three-dimensional geometry is defined as
d’G = n?dS cos 0 dS, (5.3)

where n is the refractive index, d.S cos 6 the light emitting surface projected to the direction 6 of
light propagation and df) is the solid angle of light emission.[””] Etendue is conserved as light
travels through free space and at refractions or reflections.!’®! Since the transmittance through the
solar cell is already considered by the factor T'(A;, Ag) in Eq. (5.2), I obtain

A; QY n%i cosf; = Ay O n%i cos fy, 5.4)
Al V' nd cosby = Ap Qn3;, cosbye, (5.5)

where ng; and na;- give the refractive indexes of silicon and air, respectively, and 6y and 0; the
inclination of the surfaces Ag and A; to the luminescence emission path (the red solid line in
Fig. 5.1). O4ct is the inclination of the detector and will be set to zero in the following, as it
is the usual case for a camera-based setup. Also naj; =1 [79.80] will be used in the following.
Combining Eq. (5.4) and Eq. (5.5), I obtain

A; QY n%i cost; = Ag Q) (5.6)
for the conservation of étendue.
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5.1.4 One-dimensional luminescence photon emission probability

Inserting Eq. (5.6) into Eq. (5.2) yields

0 > 1
Niuwa (2, Ag) = dz dNdt- A - gon(2A) - ——— - S T(As, Ap) - ——. 5.7
lum (2, Ap) 2 E - gph(2 )47Tn§i ZZ; ( E) 030, (5.7)

Note how the conservation of étendue in the latter equation allows to express the surface element
A; and the internal emission cone Q;-’ by the surface element A and the external detection cone
Q. As a consequence of Eq. (5.7), I obtain

Nlum(za AE)
dt Ag

Q

> 1
_ T(A;, Ag)- ——, (5.8
47rn%i Z ( £) cosf (5-8)

w
= @A) d\ =d\ / dz gpn(2z, A) - ,
0 P i

a detailed expression for the emitted luminescence photon flux () [cm™3s~!], which gives the
number of detectable luminescence photons per time, wavelength interval and surface element.

The one-dimensional® luminescence photon emission probability fou; follows by comparing
Eq. (5.8) to the definition of f,; in Eq. (3.10):

Q
4 n%i

1
cosf;

Y T(Ai, A)

i=1

Jout(2,A) = (5.9)

Here, Ag and 2 are both parameters determined by the optics of the measurement apparatus and
the refractive index ng; also is a known parameter. In contrast, 7'(A;, Ag) and 6; are not known
a priori but will be determined in the next section.

5.2 Transmittances

The transmittances T'(A4;, Ag) and 6; of Eq. (5.9) depend on the photon’s wavelength, the solar
cell’s geometry and the reflectance properties of the surfaces, due to absorption and reflection
within the solar cell. This is easily exemplified for the volumes A; - dz and A3 - dz shown in
Fig. 5.1. Using Lambert-Beer’s law [see Eq. (4.13)], the transmittances are

T(Al,Am:exp(—a - )

‘;;S o w (5.10)
T(Ay, Ap) =exp | —« : -Rp-exp | —a )
cos 05 cos 01

where Ry, is the reflectance at the rear surface and W the thickness of the device. However, it is
not necessary to determine these transmittances for every volume A; - dz involved in the emission
of luminescence photons. As I will show in this section, the transmittances can be reverted and
thus existing optical models developed for the absorption of photons can be used.

®In most practical cases a one-dimensional electrical model is sufficient to model transport mechanisms and carrier
distribution within standard industrial silicon solar cells (see chapter 4). Thus, an one dimensional optical model
which allows the simulation and analysis of experimental data is much sought after.
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5.2.1 Reversibility of light rays

Microscopic reversibility implies that the direction of a light ray may be reverted, even if
reflections at surfaces are involved. Applying this reversibility onto the absorption and emission
of photons within the solar cell, I state that the following two situations are reverse to each other:

* The light ray fimp of photons, which imping on the solar cell’s surface at the place Ag
from a direction fimpp, propagate within the solar cell and arrive at the volume A; - dz of
absorption from a direction fimP’ N.

* The luminescence emission path #1,,, of luminescence photons, which are generated at
A; - dz, sent into the direction t1,m,0 = —timp,n, propagate inside the solar cell and are
finally emitted from A into a direction ¢jym, N = —timp,0-

Mathematically, this reversibility can be expressed by
t_ium(Tph) = t_;mp(d - Tph) if 7?lum,O = _fimp,N- (5.11)

Here, fimp(rpn) accounts for the impinging photons traveling from Ag to A; - dz, fum(rpn)
for the luminescence photons traveling vice versa. 7, denotes the traveled distance and d
the total length of the light ray. Note that due to the reversibility of light rays the condition
tAlurn,O = _tAimp,N implies £1um,N = _tAimp,O-

As an example, the reversibility of light rays is illustrated within two dimensions in Fig. 5.2.
Figure 5.2(a) shows the absorption of impinging photons, whereas Fig. 5.2(b) illustrates the
emission of luminescence photons. The assumed place of impinging photon absorption is marked
with a red square in Fig. 5.2(a) and the place of luminescence photon generation with a green one
in Fig. 5.2(b). Each photon within the figure propagates under an angle 6, 2 and 65 through the
semiconductor until it is reflected at the surfaces, emerges from the front surface or is absorbed in
the silicon. The reversibility of light rays implies the same angles 6; of propagation for impinging
and for luminescence photons.

5.2.2 Equality of transmittances

The number of photons N along a particular light ray ¢ decreases due to the absorption within
the silicon and by non-perfect reflection at the surfaces. As stated in the previous section, the
light ray of impinging photons (t_;mp) and the emission path of luminescence photons (f],,,) are
reverse to each other. In addition, Lambert-Beer’s law,

N = Ny- exp (—arph) , (5.12)
where N is the number of photons at r,;, = 0, only depends on the traveled distance rpy, of the
photons and not on the direction of travel. Thus, for reverse light rays, the transmittance from
Ag to A; for impinging and from A; to Ag for luminescence photons is equal,

T(Ag, A;) = T(A;, Ap). (5.13)
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(a) Absorption of impinging photons (b) Emission of luminescence photons
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Figure 5.2: Reversibility of light rays for the absorption of impinging photons
(a) and the emission of luminescence photons (b).

The benefit of this equality of transmittances is that 7'(A;, Ag), as used in the luminescence
photon emission probability of Eq. (5.9), can directly be expressed by the transmittance of
impinging photons,

N imp (Az)

T(Ai, Ap) = T(Ap, A) = — 2P
mp,

(5.14)
Here, Nimp(A;) is the number of remaining impinging photons when they pass the volume A; - dz
and Nipyp o is the number of photons which imping on the surface element Ag (i. e. from a lamp).

Inserting the description of the transmittance T'(A4;, Ag) of Eq. (5.14) into the expression of
fout in Eq. (5.9), yields the luminescence photon emission probability,

Q i L Nimp(As)

\) = . . 5.15
Jout(2:4) 47 n%i “—~ cos6;  Nimpo (5.15)
The latter equation can be written as
Q 1 (I)im z, A
fout (2, ) = Bimp(24), (5.16)

47 n%i ' COS af(z) (I)imp,O

where the term 1/ cos ;) was introduced as an operator, which has to be applied to each
summand of the photon flux®

1 (0]
Pimp(2,A) = - > Nimp(4i). (5.17)
=1

®imp (2, A), as defined in the latter equation, is the sum over all volumes which are located at a
depth 2z and absorb photons of the impinging photon flux

Nimp,O

Ay (5.18)

(I)imp,O =

°As a direct consequence of the one-dimensionality, ®imp(z, A) can become larger than ®imp,o for long-
wavelengths photons, which travel various times between the surfaces.
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at the surface element Ag.

Equation (5.16) makes obvious that the luminescence photon emission probability is directly
related to the impinging photon flux profile. Thus, the mathematical description of the absorption
of photons also describes the emission of photons!

Note the differences between @i, (2, A) and fout(z, A) in Eq. (5.16). The first factor
Q4r/ n%i is required because of the isotropical generation of the luminescence photons. This
factor thus reduces the number of isotropically generated luminescence photons to those, which
are sent into the required detection/emission cone 2. In contrast, the impinging photon flux is
already defined as the number of photons inside {2, which imping on the surface element Ag.
The second factor 1/ cos 04(;) in Eq. (5.16) accounts for the different geometries. The impinging
photons, which pass for instance the area A;, are counted for Niy,;, (A1) but they are not related
to the size of A itself. The luminescence photons instead are generated in the volume A; - dz
and send into the spherical angle Q2. Here, the factor 1/ cos 6; is a direct consequence of the
conservation of étendue, as shown in Eq. (5.6).

5.3 Relating the emission probability to the generation profile

Usually, a one-dimensional generation profile is given instead of a one-dimensional photon flux
profile. Since both properties are related by [see also Eq. (4.12)]

d @imp(z, )\)

A)=—— 5.19
the one-dimensional luminescence emission probability of Eq. (5.16) reads
fout(222) = —(1 = R)- — : /Zd’ (2',A) (5.20)
zZ,A) =—(1— . . . z Z',A). .
out\ <, f An ngi cos ef(z) 0 Geh\Z

In general, the one-dimensional generation profile can be expressed by applying Lambert-Beer’s
law to each light turn,

gen(z,\) = @ . Z exp (—a i ) , (5.21)

cos 0¢(;) cos 0;

which gives a sum of exponential decays. The latter generation profile implies the identity!

4
/ d?’ gen(2',0) = —
0
Inserting Eq. (5.22) into Eq. (5.20) yields the result

Q . geh(za >\)
4 ng, «

cos by ;)

gen(2, A). (5.22)

fout(zv /\) - (1 - Rf) ’

) (5.23)

For clarity, Fig. 5.3 summarizes the different transformations between ®;y,p,, geh and foy carried
out in this chapter.

4The constraint gen(2z,\) — 0 for very weak absorption (A — o0) was used to determine the constant of
integration to zero.
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Ann2,  cosOr
D (2,A Si f(@)
p.(Z7 ) > fout(za )‘)
(I)imp,O (I_Rf)

geh(za )‘)

Figure 5.3: Transformations between ®iyp, gen and fout as derived in this
chapter.

The result in Eq. (5.23) formulates a very general relation, called f-g-relation in the follow-
ing, which states that the luminescence photon emission probability fout(z, A) directly follows
from a normalized generation profile gep(z, ). Therefore, previously published optical models
developed for the absorption of light can directly be used for the emission of luminescence
photons.

5.3.1 Research context of the result
I derived the f-g-relation in the following steps, as also visualized in Fig. 5.4:

e Summation of all volume elements, which lead to a luminescence photon emission in
direction to the detector [see Eq. (5.1)].

* The conservation of étendue allows to express A; and Q2 by A and .
» Comparison to the definition of f,; in Eq. (3.10).

* The equality of transmittances for reverse light rays allows to insert the generation profile
gen of impinging photons.

As aresult, the f-g-relation of Eq. (5.23) is obtained. Since only the reversibility of light rays
and the conservation of étendue is required, the derived f-g-relation holds for electrically (EL)
and optically (PL) stimulated luminescence.

Volume-summation approaches has been used by different authors [*'*1? in a more specific
manner. These authors focused their analysis on EL imaging and on planar front surfaces
and obtained for this case explicit expressions for fo,t; however, a relation of fout to the
generation profile g.;, was not obtained. The work in this chapter thus improves the volume-
summation approach and shows for the first time that this approach directly leads to the f-g-
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Summation of all luminescence-
emitting volume elements,
see Eq. (5.1)

Conservation of
étendue, see Eq. (5.5)

Comparison with
definition of foyut,
see Eq. (3.10)

Light ray reversibility,
see Eq. (5.11)

Y
Equality of
transmittances,
see Eq. (5.13)

fout(z,)\) = (1 — Rf) ﬁ gehgf7/\)

Figure 5.4: Sketch of the different steps carried out in this chapter to derive the
relation between fou and gep.
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relation. Consequently, expressions also for textured surfaces, which exhibit all modern solar
cells, can be obtained in a very simple manner (see Sec. 5.4).

The f-g-relation cannot only be derived using a volume-summation approach but also from
the principle of detailed balance and the optical reciprocity theorem:

* By using the principle of detailed balance between radiative recombination and photo-
generation,°! Kirchartz et al. derived the f-g-relation in Ref. 83. This detailed-balance
approach uses Kirchhoff’s law**! of radiation (emission equals absorption in heated ob-
jects) together with Wiirfel’s generalized Planck law,°?! which consequently allows the
calculation of the emitted luminescence photon flux ¢ in dependence of the absorptance a
of the solar cell. Since the absorptance a is the integral over the generation rate g}, the
f-g-relation can be obtained for devices with flat quasi-fermi levels. The authors of Ref.
83 stated that the f-g-relation is independent of the particular quasi-fermi level distribution
and thus also holds for devices and working points with non-flat quasi-fermi levels, i.e. EL
and PL on wafer-based silicon solar cells. [*”]

* Another approach (also compare with Kirchartz et al. in Ref. 83) to derive the f-g-relation
makes use of the optical reciprocity theorem introduced by Rau. [*°! Rau’s optical reciprocity
theorem relates the electroluminescent photon emission to the quantum efficiency of the
solar cell. Using this theorem, the f-g-relation follows, as also shown in the appendix B of
this work. Since the derivation of the optical reciprocity theorem makes use of Donolato’s
theorem, ] this approach is limited to the non-illuminated (EL) case only.

The detailed-balance and the optical-reciprocity approach are both based on macroscopic descrip-
tions of the solar cell. In contrast, the volume-summation approach shown in this chapter is based
on a microscopic description which is then transformed by the summation and integration to a
macroscopic description.® Since it only requires the conservation of étendue and the reversibility
of light rays it is directly valid for EL and PL imaging. For clarity, the three different approaches
to derive the f-g-relation of Eq. (5.23) are visualized in Figure 5.5.

5.4 Resulting one-dimensional emission probability

Due to the resulting f-g-relation it is possible to use previously published optical models devel-
oped for the absorption of photons. In principle, any generation profile ge}, (2, \) can be used
in Eq. (5.23) to obtain the luminescence photon emission probability fous(2z, A). In this work, I
choose a generation profile published by Brendel et al. in Ref. 70 [also see Eq. (4.15)] because it
is valid for textured front surfaces and is especially well suited to describe the long-wavelength
photon propagation inside the solar cell.

Combining Eq. (5.23) with the generation profile ge, (2, A) of Eq. (4.15), the emission

“Note that the reversibility of light rays and the conversation of étendue were also used by Rau to derive the optical
reciprocity theorem for solar cells in Ref. 86.
"The PL case was not explicitly addressed in Ref. 83 but since the derivation makes use of the equilibrium it holds

for arbitrary quasi-fermi level distributions. ™!
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Summation of all luminescence-

. this work
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Rau’s optical reciprocity theorem Kirchartz 20083
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Figure 5.5: Research context of the resulting relation between the luminescence
photon emission probability and the generation profile.

probability of a textured solar cell becomes

Q
ou 7)\ =(1-
Jout(2,4) =( By) 47T7”L§i|:
1 . —az n
cos 01 *P cos 01
1 _ _
TRy, exp [~ =2)) | (5.24)
cos 05 cos 05

1 TiRyThRp
cos b, 1 —T2?R¢ Ry

exp —as + T}, Ry exp 7_Q(Wb —2) },
cos 0, cos b6,

which can directly be used in Eq. (3.14) for EL, PL-sc, PL-wp and PL-oc. In Eq. (5.24), o is
the absorption coefficient and the term (1 — Ry) accounts for the light intensity reduction as a
consequence of the direct transmission of photons at the front surface. The parameters 61, 65 and
0., give the angles of light propagation, where the indexes 1, 2 and n denote the corresponding
pass or surface hit of the photon propagation within the solar cell. ¢ and Rg, give the internal
reflectance at the front surface, R}, and Ry, give the internal reflectance at the rear surface and
the transmittances 77, 15 and 7;, describe the transmission

Qimp Wh,
T — _ ~mp "' b
1T P < cos(6;) >
of the i-th pass through the base. More details about the determination of the different 6;- and
T;-values are found in Ref. 70 and in the appendix A of this work.

(5.25)
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It was found experimentally for the absorption of light that the reflection at the rear surface of
the solar cell is often neither specular nor ideal diffuse (Lambertian surface).!’’! The mathematical
description of the parameters in Eq. (5.24) therefore assumes a rear surface, where an areal fraction
A behaves like an ideal Lambertian reflector (diffuse reflection) while a fraction 1 — A is ideally
flat (specular reflection).® Such a description is especially important for long-wavelength light
> 1000 nm, where multiple reflections within the device occur, as is the case for luminescence
measurements.

5.5 Optical lateral resolution of luminescence imaging

One of the key features of luminescence imaging is the possibility to obtain lateral information
about the local properties of solar cells. However, for solar cells which exhibit an optical
confinement, i.e. due to a textured surface, photons are internally refracted and reflected. As
analyzed in this chapter, the luminescence photons emerge from the solar cell in direction to the
detector at a certain distance from the place of generation. Often, this effect is entitled “smearing’
or “blurring”. Based on the presented model for the emission of luminescence in this chapter [see
Eq. (5.24)], I calculate the part of the solar cell from which the detected photons originate.

Figure 5.6(a) sketches the cross-section of a textured solar cell. I assume that the detector
collects luminescence photons, which are emitted perpendicular to the surface at the position
(0,0). The position of photon emission is visualized in Fig. 5.6(a) with a green arrow. The lateral
distance d from the place of detection at (0, 0) to the place of photon generation is the axis of
abscissae shown in Fig. 5.6(a). I quantify this distance by

>

i—1
di(z,\) = z tan 6; + Z W, tan 0y,. (5.26)
k=1

Here, ¢ denotes the corresponding light pass, 6; is the angle of photon propagation and W}, the
device’s base thickness. Equation (5.26) allows to substitute the parameter z in Eq. (5.24) to
obtain a distance-dependent emission probability foyt.

I calculate f,y¢ using Eq. (5.24) and Eq. (5.26) for a 200 pum thick solar cell which exhibits a
textured front surface (Ry, = 0.928, Ry = Ry = 0.62) and a fully specularly (A = 0, 65 = 60)
reflecting rear surface (Ry,, = Rp1 = 1). The solid angle of detection is set to a value of 0.00785,
which corresponds to a realistic value for the experimental setup introduced in Chap. 2.

Figure 5.6 shows the calculated results for three different detection wavelengths (920, 1000
and 1100 nm). It is shown in this figure that the lateral resolution strongly depends on the
photon’s wavelength. Volume elements, which have a distance of zero to the place of emission,
exhibit an emission probability of about 6.5 x 10> for all three wavelengths. Already at a
distance of 100 pm the emission probability is nearly zero for the 920 nm light, has dropped

£Note that the propagation of photons within each pass can only be described statistically for rough rear surfaces
and multiple reflected light. 6> and 6,, then describe well a group of photons but do not hold for each single
photon. Consequently, 62 and 6,, become an effective mean angle, which describe in combination with Eq. (5.25) the
transmittance of the group of photons for the particular pass. 2 and 6,, then depend on the front and rear reflectance
properties of the solar cell and the wavelength Aipp, of the impinging photons.
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to about one-third for the 1000 nm light and is nearly unchanged for the 1100 nm light. For
short-wavelength photons, the lateral resolution is high, whereas long-wavelength photons travel
a larger distance through the sample. When defining the lateral resolution as the distance where
the emission probability has dropped to one-half, the resolution for 920 nm is ~ 19 pm, for
1000 nm it is &~ 71 pum and for 1100 nm it is ~ 1200 pum.

Note that the emission probability of the 1100 nm curve in Fig. 5.6(b) is not a continuous
function any more. A step in the function is observable at d ~ 360 um, where the internal
reflection at the front surface occurs. Here, Ry; = Rg = 0.62 is assumed, which was determined
by Brendel et al.!”") using ray tracing simulations for a solar cell texture with inverted pyramids.
For distances greater than ~ 360 pm the emission probability is described with the effective
mean angle ,,. As a consequence, the location of the photon generation cannot be specified
exactly any more.

5.6 Short summary

In this chapter, I explicitly derived the luminescence photon emission probability from the solar
cell surface. This emission probability is one important part for the calculation of the total
luminescence photon emission from silicon solar cells.

I presented an improved volume-summation approach, which allows to obtain the lumines-
cence emission probability by the generation profile used for the absorption of photons. Since only
the reversibility of light rays and transmittances as well as the conservation of étendue is required,
the presented approach is valid for all working points including electro- and photoluminescence
imaging.

Due to the resulting relation between the luminescence emission probability and the generation
profile, it was possible to take advantage of previously published optical models developed for
the absorption of photons. A generation profile was chosen, which is especially well suited to
describe the long-wavelength photon propagation inside the solar cell. Consequently, a general
description of the luminescence photon emission probability was obtained, which accounts for
planar as well as textured silicon solar cells with rough rear surfaces.

Finally, I showed a first application of the obtained luminescence photon emission prob-
ability and calculated the expected optical resolution of luminescence imaging for different
wavelengths. While the detection at short wavelengths can be carried out with a high lateral
resolution (= 19 um for 920 nm), the lateral resolution is low for long wavelength photons
(/= 1200 pum for 1100 nm).
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Figure 5.6: Emission probability fou: from Eq. (5.24) in dependence of the
distance d [see Eq. (5.26)] for three different wavelengths.
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CHAPTER O

Spectral and integral analysis of the luminescence emission

The present chapter finally analyzes the luminescence emission integral. Therefore, I first
summarize the key aspects of the previous chapters. The luminescence integral is then solved
numerically resulting in luminescence emission spectra of silicon solar cells. These spectra are
analyzed at different working points, different electrical and optical properties and are compared
to experiment. Analytical solutions for the camera-based detection of luminescence photons
for EL, PL-wp, PL-oc and PL-sc can be given in the short (< 920 nm) and long wavelength
(> 1100 nm) range. This allows to discuss in detail the impact of various parameters of the solar
cell onto the detected luminescence signal.

6.1 Luminescence emission integral

In chapter 3 the luminescence emission integral

Wy,
B (V) = N Con biow (M) / 0z fous (2 A)An(2) ©6.1)
0

is derived. Here, N is the bulk dopant concentration, Ce}, a couloumb enhancement factor,
biow the spectral coefficient of radiative recombination, W}, the width of the base, fou; the
luminescence emission probability and An the excess charge carrier distribution.
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6.2 Excess charge carrier distributions

6.2.1 Electroluminescence

Regarding the electroluminescence (EL) case I derive in chapter 4 the excess charge carrier
distribution [see Eq. (4.18)]

_ z Ly . z
Angk(z) = ng - {cosh <Lb> T sinh <Lb>] , (6.2)

which is the well-known dark carrier distribution. Ly, is the bulk diffusion length and L.g the
effective diffusion length of the base, as defined in Eq. (4.19).

6.2.2 Photoluminescence at short-circuit conditions

In the PL-sc case the resulting excess charge carrier distribution is [see Eq. (4.20)]

(1 —R¢) cos(fr) [Angwk(2) Qimp?
A sc = (Pim . . . — —_— . 6.3
nse(2) p0 D Qlimp ny exp cos 01 6.3)

Here, @i, 0 denotes the impinging photon flux on the front surface of the monochromatic
illumination, Ry the reflectance of the front surface, D the diffusion constant, 6; the angle of
photon propagation of the impinging photons within its first pass in the semiconductor and oy,
the absorption coefficient of silicon of the impinging photons.

6.2.3 Photoluminescence at working-point conditions

For PL-wp I utilize a fundamental superposition principle!’*~""! stating that the carrier distribution

inside the base at an arbitrary working point (the solar cell is illuminated and held at a specific
voltage) is the sum of the dark carrier and the short circuit carrier distribution (see Eq. (4.23)),

Anwp(zf'a )\imp) = Andrk(za Aimp) + ATLSC(Z, )\imp)' (6.4)

Thus, the solution for PL-wp is already given by the sum of Eq. (6.2) and Eq. (6.3).

6.2.4 Photoluminescence at open-circuit conditions

For the excess charge carrier distribution at open-circuit condition I obtain [see Eq. (4.24)]

(1 — Ry) ~cos 0, ' K Lef Qimp . Angek(z) exp (_zaimp)} L (65)
D Qlimp cos 01 n1 cos 01

Anoc(z) = (I)imp,() :

where K is defined in Eq. (4.25) and accounts for parasitic current losses® acting at the front of
the bulk region.

*Parasitic currents, as introduced in Sec. 4.2.1, may be caused for example by shunt resistances or by recombination
in the emitter or the space-charge region.
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6.3 Luminescence photon emission probability

The luminescence photon emission probability is derived explicitly in chapter 5 and reads [see
Eq. (5.24)]

Q

ou 7)\um =———{1-R
oz M) =2 (1= )|

1 —QQum? n
ex
cos 01 P cos 01

1 — &lum W -
Tlelexp( Ctum * (W, Z)>+

cos 05 cos 0y
1 TiRyiToRp
cos b, 1 —T2?R¢ Ry,

exp —lum~ + Tann exp _alum(Wb - Z)
cos 0, cos 0,

In this equation, aq,y, is the absorption coefficient in silicon of the luminescence photons of
wavelength \j,n,, the parameters 61, 62 and 6,, give the effective angles of light propagation, Ry;
and Ry, give the internal reflectance at the front surface, R},; and R}, give the internal reflectance
at the rear surface and the transmittances 11, 15 and 7}, describe the transmission of the -th pass
through the base. The indexes 1, 2 and n denote the corresponding pass or surface hit of the
photon propagation within the solar cell.

The luminescence emission probability of Eq. (6.6) holds for textured and planar solar cells
and the operation conditions EL, PL-sc, PL-wp and PL-oc. It is thus ready to be used in the
luminescence integral [see Eq. (6.1)].

(6.6)

6.4 Spectral (spectrometer-based) luminescence detection

6.4.1 Luminescence spectra of different working points

Resulting luminescence spectra of different working points are shown in Fig. 6.1. The data for
this figure is calculated using the luminescence emission integral of Eq. (6.1), the luminescence
emission probability of Eq. (6.6) and the corresponding carrier distributions of Egs. (6.2) to
(6.5). Fig. 6.1(a) shows the data in a linear and Fig. 6.1(b) in a logarithmic scale. The solar cell
parameters used for this calculation are given in Tab. 6.1.

The resulting spectra shown in Fig. 6.1 increase strongly for wavelengths up to 1000 nm.
For longer wavelengths, the increase begins to weaken and a maximum is obtained at about
1155 nm. For wavelengths larger than 1155 nm the spectra decrease rapidly. Since the emission
spectra are mainly determined by the spectral coefficient of radiative recombination by, (see
Sec. 3.2.2), the shape is quite similar. However, a peak-shift from 1125 nm (b4 ) to 1155 nm
(this section) is observed which directly follows from the reabsorption of photons: Photons with a
short wavelength have a higher probability to be absorbed than photons with longer wavelengths.
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structural: Ny = 1016 ecm ™3, W = 200 pm,
optical: 01 = 41.3 deg, Ry1 = Ry, = 0.80, A = 0.50,
Ry =0, Rs = 0.62, Ry, = 0.928
base: Lj, = 800 pm, Srear = 200 cm/s, Sgont = 201 cm/s

excitation:  Vipp = 550 mV, @i 0 = 1 sun, Ajyp = 810 nm

Table 6.1: Parameters used for the calculations of Fig. 6.1, 6.3 and 6.4 (if not
otherwise stated).

(a) (b)

1042 0.05 ——— N B e T
= ]
@ 104 PL-wp
< > - 1
&d 10% g 8 0.04 / ]
S fog
> ED'

z 82 o0af

o . - .
£ qom g8 ! EL {
P : n®
§ 10%7 _2 £ i .
3 E2 o002} -
g = :
£ 10% / PL-sc 1
E - 3 -
] g
— 1035 PR ST N N S AT U SN T T S SN SN N WU S 001 PR Y PR ST T ST W T WY WY WY

900 1000 1100 1200 1300 900 1000 1100 1200 1300
Wavelength A [nm] Wavelength A [nm]

Figure 6.1: Calculated luminescence spectra of different working points (a)
and normalized to the PL-oc distribution (b) to show the differences in the shape
of the spectra. The used parameters are given in Tab. 6.1.

The spectra shown in Fig. 6.1 demonstrate that even though the totally emitted number of
photons drastically change in dependence of the working point the shape of the spectra hardly
changes. This can be observed in Fig. 6.1(b), where the luminescence emission normalized to
the PL-oc case is shown. Changes in the shape of the spectra are only present for the short-
wavelength range up to 1040 nm. For longer wavelengths, the shape of the spectra is identical.
In this wavelength range the shape is not determined any more by the charge carrier distribution
because the reabsorption becomes extremely low and thus the luminescence emission probability
is independent of the depth of photon generation.

6.4.2 Experimental verification of caculated spectra

I verify the derived equations by describing measured luminescence spectra.

A convenient experimental verification of the derived equations is the description of measured
luminescence spectra resulting from the different working points (EL, PL-sc, PL-wp and PL-oc)
analyzed in this work. However, as deduced in Fig. 6.1, the different working points only result in
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Figure 6.2: Spectrum of the luminescence emission of an alkaline textured
monocrystalline solar cell at an applied voltage of 650 mV.

differences in the spectra within the short-wavelength range. The measurement equipment which
was at my disposal throughout the work at this thesis was not sensitiv enough to allow for an
accurate measurement in this range. Thus, I focus in this section on the shape of the luminescence
spectra for wavelengths larger than 1000 nm and carry out the measurements exemplarily for the
EL case.

An indium-gallium-arsenide (InGaAs) spectrometer is used which detects photons in the
wavelength range from 900 nm to 1700 nm. The photons are collected by an optical fiber which
itself is mounted perpendicularly above the solar cell. A relative intensity calibration was carried
out to correct for the optical properties of the fiber and the detector.

I measure the luminescence emission of a textured monocrystalline solar cell at an applied
voltage of 650 mV in absence of ambient light. For this measurement, the signal-to-noise ratio is
improved by averaging 500 measurements and by removing the dark signal and remaining stray
light by subtracting a dark spectrum (where no voltage is applied to the solar cell) from each
measurement.

The open circles in Fig. 6.2 show the measured spectrum. It exhibits a maximum at about
1140 nm and approaches zero for wavelengths shorter than 1000 nm or longer than 1250 nm.
The data is shown in arbitrary units since an absolute irradiance calibration was not carried out
for this setup. The luminescence spectrum is thus only measured in relative units,

q)EL,meas = Lopt * q)EL7 (67)

with an unknown constant Cpy.
I describe the measured spectrum using Eq. (6.1), the luminescence emission probability in
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Eq. (6.6) and the dark carrier distribution of Eq. (6.2). Due to the large number of parameters, I
first reduce them by using different measurement methods:

* A thickness measurement determines W = 225 um.

* Due to the alkaline textured front surface I set §; = 41.3°.10%]

* An analysis of the measured reflection yields Ry; = Ry, = 0.64 and A = 0.79.

* The scaling factor Cpy is determined using a calibrated quantum efficiency measurement
and the optical reciprocity theorem. [*°]

Finally, a least-square fit is performed to the measured data using the remaining parameters Ly,
and S;car.

The spectra calculated with the determined parameters is shown in Fig. 6.2 as a red line and
is in a good agreement to the measured data. The parameters L.g and L [for the definitions see
Eq. (4.19) and Eq. (6.11)] of this solar cell are determined to 1050 pm and 200 pm, respectively,
and are in good agreement to the expected values of this industrial monocrystalline solar cell.
The derivation of L.g to an extended quantum efficiency analysis is 20 %.

6.4.3 Impact of optical properties on the luminescence spectrum

I determine the impact of optical solar-cell parameters like the rear surface reflectance R}, and
the lambertian factor A onto the luminescence spectrum. I again restrict the analysis to the EL
spectrum because optical parameters only have an impact on the long-wavelength range of the
spectrum and thus the used distribution of excess charge carriers does not influence the results.
Therefore, the bulk diffusion length is set to 1600 pm and the rear surface recombination velocity
of this solar cell is zero. If not otherwise stated the parameters of Tab. 6.1 are used.

The calculations of the different electroluminescence spectra are carried out using the emission
probability of Eq. (6.6) and the dark carrier distribution of Eq. (6.2). Figure 6.3 shows four
different spectra (A, B, C). For a better visualization of the differences in the spectra, Fig. 6.3(b)
shows the cases B and C normalized to the spectra of case A (green dash-dotted line).

The four spectra are calculated for solar cells exhibiting different rear surface reflectances Ry,
and lambertian factors A:

A. The green dash-dotted line shows the resulting spectrum for the same rear surface as in
case A but using tabulated values from literature for the absorption coefficient [see Fig. 3.2
or Ref. 55]. This spectrum is thus the upper limit of EL emission for the underlying solar
cell. While in the wavelength range up to 1175 nm the emission is substantially smaller
than for case A, both cases approaches for longer wavelengths since reabsorption becomes
negligibly small.

B. The case of a perfect specular mirror at the rear, Ry, = 1 and A = 0, is shown in Fig. 6.3 as
a blue solid line. This spectrum equals case B for short wavelengths but is about one-third
smaller for wavelengths above 1150 nm. This is a consequence of internally at the rear
reflected light which does not fulfill the escape condition at the front.
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Figure 6.3: Spectra (a) of the electroluminescence emission of a high-efficiency
solar cell with different optical properties which are given by (Ry, A, «). The
used parameters are given in Tab.6. 1, if not otherwise stated here. The spectra
normalized to case A (b) visualizes the differences in the shape of the spectra.

C. The red dashed line in Fig. 6.3 shows the calculated spectrum for a solar cell with a perfect
absorber at the rear surface, which is expressed by R}, = 0. Regarding optical parameters,
this case is the lower limit of EL emission. It differs substantially from cases A and B for
wavelengths larger than 1000 nm. For the wavelength range above 1160 nm only 2.5 %
of the luminescence of case B is emitted. It thus emphasizes the strong dependence of the
luminescence emission on the rear surface reflectance.

6.4.4 Impact of base properties on the luminescence spectrum

I determine the impact of base properties like the bulk diffusion length Ly, and the rear surface
recombination velocity Siesr Onto the luminescence spectrum. Again, the analysis is carried
out for the EL case only. If not otherwise stated the parameters of Tab. 6.1 are used for the
calculations.

Figure 6.4(a) shows four resulting electroluminescence spectra (A, B, C and D). The four
spectra are calculated for solar cells exhibiting different base properties:

A. Ly, =800 pum and Syear = 2 cm/s (black line),
B. Ly =800 pm and Syear = 200 cm/s (red line),
C. Ly =400 pm and Syear = 200 cm/s (green line),
D. Ly = 800 pwm and Syear = 3000 cm/s (blue line).

For a better visualization of the differences in the shape of the spectra, Fig. 6.4(b) shows the cases
B, C and D normalized to the spectra of case A (black line).

67



6.5. INTEGRAL SOLUTIONS FOR THE SHORT- AND LONG-WAVELENGTH RANGE

(a) 50 i AL DL L L L DL L L L A L AL L i (b) 11 L L e
_ i A (800, 2) 1 " ]
N% 40F B (800, 200) E 10k 5 '20(30(2)’0?:
< [ C (400, 200) ] 3 (800, 200) 4
i - 1 N 0.9 .
© [ b T T C (400, 200) ]
= 30F D (800, 3000) ] ES : ( :

o [ ] 2% 08F .
< [ ] >~.8 Tr

% 2.0 - . %8 s .
5 ] g 07 D (800, 3000)
€ [ ] = X i
1.0 s -

o N - 06 [

- : (Lb [I‘Jm]’ Srear [Cm/S])
ool - 0.5 b
900 1000 1100 1200 1300 900 1000 1100 1200 1300
Wavelength A [nm] Wavelength A [nm]

Figure 6.4: Spectra (a) of the electroluminescence emission of solar cells
with different bulk properties. The spectra normalized to case A (b) shows
the differences in the shape. The used parameters are given in Tab. 6.1 if not
otherwise stated here.

Figure 6.4 demonstrates that the totally emitted luminescence increases with increasing Ly,
and decreasing Syear, because the excess charge carrier density within the bulk is higher if the
recombination in the bulk or at the rear is smaller. Changes in the shape of the spectra are only
present for the short-wavelength range up to 1000 nm. For longer wavelengths, the shape of the
spectra is identical, as can be deduced from Fig. 6.4(b). In this wavelength range the shape is
only determined by optical parameters since the reabsorption of luminescence photons becomes
extremely low and thus the luminescence emission probability is independent of the depth of the
photon generation.

In principle, the determination of electrical solar cell parameters by restricting measured
spectra to certain wavelengths is possible and has already been widely investigated. [>!:>3:24:83.881

6.5 Integral solutions for the short- and long-wavelength range

Using the emission probability fo,¢ of Eq. (6.6) and the corresponding carrier distributions of
Sec. 6.2, general analytical solutions for the luminescence emission with Eq. (6.1) directly follow.
In this section, I explicitly carry out the integration of Eq. (6.1) and derive closed analytical
expressions without integral for two marginal luminescence detection cases: Long and short
wavelengths. The long-wavelengths limit holds for wavelengths larger than 1100 nm, and the
short-wavelengths limit for wavelengths smaller than 920 nm.
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6.5.1 Detection in the long-wavelength range

For the long-wavelength range (Z 1100 nm) the impact of reabsorption becomes negligible
because of

Qum,lg — 0. (68)

This limit for the absorption coefficient implies 77 = T = T,, = 1 and simplifies fot to a
function

Q

1 Ry; Ry1Re 1
Jout.lg 4 nd; ( f) cosfy  cosby 1 — Ry Ry cosy,

(1+ Rbn)] . (6.9

Note that the latter emission probability f,u¢1s for long wavelengths only depends on optical
parameters and not on z any more and may thus be pulled out of the luminescence integral in
Eq. (6.1).

Electroluminescence

Linsert the limit foy¢,1 and the dark carrier distribution of Eq. (6.2) into the luminescence integral
of Eq. (6.1) and obtain a closed-form for the electroluminescence emission of long-wavelength
photons,

Q V;
(I)EL,lg(Alum) :Ceh blow(Alum) 472 (1 - Rf) Tl? exp (l> X
e v (6.10)
1 R Ry1R 1 '
. [ b1 b1 R 1+ Rbn):|-
cosfy  cosfy 1 — Ry Ry, cosby,
L in the latter equation is the collection length and reads!®-%"]
Ly, Srear (COSh (%) — 1) + D sinh <%>

Lo = Ly o b 6.11)

Ly, Siear sinh (%‘:) + D cosh (VLV—S)

The electroluminescence photon flux ®gy, 1 is thus directly proportional to the collection diffusion
length L. In Ref. 22 and Ref. 90 we utilized this proportionality to determine spatially resolved
mappings of the collection diffusion length Lc.

Photoluminescence at short-circuit conditions

Accordingly, for photoluminescence measurements at short-circuit conditions, the emitted lumi-
nescence photon flux for the long-wavelengths range is

Q cos 01 9 cos 0
b m) =Ceh biow (Atum) —5 NaA Pimpo ——— (1 — Lo —
sc,lg()‘lu ) =Cen biow (M )47‘-”%1 A p,0 Daimp( Rp)” x < c Qimp ) x
1 Rp1 Rp1Rn 1 }
1 n)l-
[cos 0,  cosfy 1 — Ry Ry, cosby, (14 Rin)

69



6.5. INTEGRAL SOLUTIONS FOR THE SHORT- AND LONG-WAVELENGTH RANGE

(6.12)

Note the similarities between @ 1, and Pgy, 1. The PL-sc case defines a virtual voltage

n? aimp D
VhL_sc = V- 1 1P 6.13

PL=sc T (q)impp NA (1 —Rf) C0891> ( )
which in combination with a reduced collection length (Lc — cos 01 /cimp) leads to the same
luminescence photon flux as in the EL case [compare with Eq. (6.5.1)].

Photoluminescence at an applied voltage

Using the finding of Eq. (4.23), that the carrier distribution inside the base at an arbitrary working
point (the solar cell is illuminated and held at a specific voltage) is the sum of the dark carrier and
the short circuit carrier distribution, the luminescence emission integral [see Eq. (6.1)] for PL-wp
is split into two parts. The luminescence emission

(I)Wp = @y + PgL, (6.14)

for the PL-wp case thus simply follows as the sum of Eq. (6.10) and Eq. (6.12).

Regarding the determination of local junction voltages V; using luminescence images, as used
for example in all luminescence based series resistance methods,!'®! Eq. (6.14) makes clear why
the voltage determination using PL. images should be corrected locally by subtracting the PL-sc
signal. The subtraction gives the same local junction condition as using EL and thus the resulting
signal becomes proportional to exp(V;/Vr). By only evaluating one photoluminescence signal
the value of the local junction voltage V; can only be approximated.!'”]

Photoluminescence at open-circuit conditions

For photoluminescence measurements at open-circuit conditions, the measured luminescence
signal for the long wavelength range is

Q cos 01 9
(I)oc,lg()‘lum) =Ceh biow (Aum) MNA Pimp,0 m (1= Re)™x
im 0
(0‘ 2 K Loy Lo — < 1) >< (6.15)
cos 01 Qimp
1 Ry, Ry1Re 1
1+ Rin)]
{cos #1  cosfy 1 — Ry Ry, cosby, (14 Rin)

where the excess charge carrier distribution for open-circuit conditions, given in Eq. (6.5), was
used. Leg in the latter equation is the effective diffusion length as defined in Eq. (4.19).
6.5.2 Detection in the short-wavelength range

Focusing on the short-wavelength range smaller than 920 nm the assumption holds that only
photons are detected which are emitted in direction to the front surface:

Q 1 Mum ?
fout,sh(Alum) = (1 - Ry) . exp (— 1 ) : (6.16)

47 n%i 0s 01 cos 01
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Note that there is no impact of the rear surface on the emission probability. Even though this
reduces substantially the emitted luminescence photon flux it can be an advantage i. e. for the
determination of local junction voltages: A short-wavelength detector (like silicon) monitors only
the fraction of the carrier distribution which is close to the junction and is thus insensitive on
lateral variations of the rear surface reflectance.

Electroluminescence

For the EL detection using a short-wavelength detector I obtain

Q Vi
D1, sh (Alum) =Ceh biow (Alum) Py (1 — Rg)ni exp <Z> X
Qlum — €08 01/ Legt ’
of - — (cosby /L)%
In the latter equation I approximated the result by
m W
exp <—O““ ) 0. (6.18)
cos 01

The latter approximation is important to simplify the integrals for the detection of the short
wavelength range. For 920 nm and a textured, 200 pum thick solar cell the exponential term in
Eq. (6.18) gives a value of 1.66 x 1073,

The short-wavelength luminescence emission ®gy, ¢, depends strongly on the detection
wavelength and has a non-linear dependence of the recombination parameters Ly, and Leg. In
contrast, a long-wavelength detector (like InGaAs) shows a way more simple dependence of
the recombination properties [see Eq. (6.10)] but is instead more sensitive to the reflectance
properties of the rear surface and multiple internal reflections within the sample.

Photoluminescence at short circuit conditions

For PL-sc I obtain

q)sc,sh(Alum) :Ceh blow()\lum) MNA imp,0 m (1 - Rf)2 X

6.19

2 (um + imp) L cos 01 — Leg [1 + 201umQtimpLi + cos(261)] (6.19)

(alum + aimp)Leff [1 - 2al2umL%> + COS(291)] ’
where the approximations of Eq. (6.18) and
0, \2
< > ) <1 (6.20)
Qimp Ly,

where used. The latter approximation holds for solar cells with a base thickness of more than
150 pm, an impinging photon flux of 810 nm (jmp ~ 0.077 nm), and a bulk diffusion length
Ly, of more than 100 pwm.
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Photoluminescence at an applied voltage

Just like for the detection at the long-wavelength range the PL-wp case again simply follows as
the sum of Eq. (6.17) and Eq. (6.19).

Photoluminescence at open circuit conditions

For PL-oc I obtain

Q 1
(I)oc,sh()\lum) :Ceh blow(Alum) WNA (I)imp,() W (1 - Rf)2 X
Si mp
1

X
2 (Qum + imp) [1 = 207, L} + cos(261)] (6.21)
[cos 01 (—3 + 4L% (a%um + K imp (Qum + Oéimp)))

— 4 dym Yimp (um + Qimp) K L% Leg — Cos(391)] ,

where again the approximations of Eq. (6.18) and of Eq. (6.20) are used.

6.6 Integral (camera-based) luminescence detection

6.6.1 Impact of solar cell parameters on the detected signal

A qualitative and quantitave analysis of luminescence images requires an understanding of the
detected luminescence signal S and its correlation to underlying solar cell parameters. The equa-
tions, derived in this chapter, describe the parameter-dependences of the detected luminescence
signal mathematically. For a rough determination of the impact of the different parameters I cal-
culate the luminescence emission in the short- and the long-wavelength-range for the parameters
given in Tab. 6.1 on page 64. A small variation is performed to each parameter separately and the
resulting change in the detected luminescence emission is observed.

The results of this analysis are shown in Tab. 6.2. The parameter itself is shown in the first
column and its default value in the second column. The variation of the parameter is given in
the third column. The last two columns show the resulting percentaged change of the detected
luminescence signal in the corresponding wavelength-range.

Table 6.2 demonstrates that the base dopant density /N4 and the applied voltage V1 affect
the short- and the long-wavelength range in the same manner i. e. an increase of 47% is obtained
for the increase in V; (550 to 560 mV). All other parameters affect only the long-wavelength
range while the short-wavelength range does not change significantly. A strong impact have the
optical parameters onto the long-wavelength range detection: 17% decrease due to the variation
in Ry, (0.9 to 0.8) and 2.55% increase due to the variation in A (0.5 to 0.6). The impact of the
base properties Ly, and Spear Onto the long-wavelength range is small but not negligibly: 0.2%
(Ly, from 800 to 850 um) and 1.35% (Syear from 200 to 250 cm/s).

One practical result of this analysis is that a voltage determination using luminescence
imaging can be carried out more accurately using a short-wavelength detector, i.e. a silicon
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parameter default variation difference 900-920nm 1100-1120nm
[%] [%]

Na [10%em™3] 10 9 -1 +0.04 +0.04

W [um] 200 210 +10 +0.16 +3.0

Ry 0.8 0.7 -0.1 -0.01 -17

A 0.5 0.6 +0.1 0.00 +2.6

Ly, [um] 800 850 +50 +0.07 +0.21

Srear [cm/s] 200 250 +50 -0.35 -1.4

Vi [mV] 550 560 +10 +47 +47

Table 6.2: Impact of solar cell parameters onto the electroluminescence-signal
detected in the short- and the long-wavelength range. For example: A change of
the local voltage V; (550 to 560 mV ) leads to a signal increase of 47% in both
wavelength-ranges.

camera, since the impact of optical and base properties is very small. While a long-wavelength
detector, i. e. an InGaAs camera, is equally sensitive to the voltage, it also detects variations in
optical and base properties.

6.6.2 Rear surface reflectance of short- and long-wavelength range detection

I experimentally demonstrate the impact of the rear surface reflectance onto the short- and long-
wavelength range detection. Figure 6.6 shows two electroluminescence images of the same region
of a multicrystalline silicon solar cell and a local reflection measurement. The image in Fig. 6.6(a)
is captured by a silicon (Si) camera and the image in Fig. 6.6(b) by an indium-gallium-arsenide
(InGaAs) camera. Note that the images are taken completely without filters.

The comparison of these images reveals that the visible structures differ. The region marked
with a blue arrow in Fig. 6.6(b) is more pronounced by a decreased luminescence signal of the
InGaAs detector than for the Si detector. Since Eqgs. (6.17) and (6.10) depict a stronger impact
of the rear surface reflectance onto the long-wavelength (InGaAs) detector, I carry out local
reflection and quantum efficiency measurements. The resulting reflectances of the regions at
position 1 and 2 are shown in Fig. 6.6(c). The analysis reveals that the effective diffusion length
is Leg = 500 pm in both regions but the rear reflectance Ry, is 0.60 at position 1 and 0.98 at
position 2. The results are thus consistent with Eqgs. (6.17) and (6.10).

6.6.3 Dependence of the EL signal on the effective diffusion length

I discuss the dependence of the EL signal on the effective diffusion length. For a better under-
standing of the correlations I deduce a simplified version of the short-wavelength EL solution in
Eq. (6.17). The focus within this section lies on measurements carried out with a silicon camera
since this is — up to now — the most commonly used detector type for luminescence imaging in
reasearch laboratories and industry.
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Figure 6.6: Tivo luminescence images captured with a silicon (a) and an indium-
gallium-arsenide (b) detector. Local reflectance measurements (c) were carried
out at position 1 and 2.
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Theory
The short-wavelength EL solution of Eq. (6.17) can be approximated by

o, 1
OS2 )2 <1, (6.22)
Olum Lb

which allows to neglect the denominator of Eq. (6.17). Using this approximation, I define

or = D I 47 g, (1_R)71; (6.23)
EL = ®EL;sh|,pprox, Mum DPraq 0 f nlz exp(Vi/Vr) ‘
and thus obtain
- _, cosf;
(I)EL =1— aluin Leff ) (624)

which is an approximated and normalized version of the short-wavelength EL solution.

Calculations

I calculate, using the luminescence integral of Eq. (6.1) and the photon emission probability
of Eq. (6.6), the emitted electroluminescence emission in dependence of the effective diffusion
length L.g. To account for a silicon detector, I restrict the detection to photons in-between
950 nm and 960 nm. These wavelengths approximate the luminescence peak detection of the
silicon detector, which follows from the product of the detector’s quantum efficiency and the
luminescence intensity.

The result of this calculation is shown in Fig. 6.7 as green curves. A parameter space
is obtained since different combinations of the bulk diffusion length L, and the rear surface
recombination velocity S;ear may give the same Leg-value but a different luminescence emission.
I observe that the luminescence signal raises very quickly for short effective diffusion lengths up
to a quite constant plateau.

Additionally, Fig. 6.7 shows with the blue dotted line the normalized short-wavelength
approximation of Eq. (6.24). Note that these values are only relative and not absolute and thus
only allow a qualitative comparison to the calculated curve (green lines). The accuracy of the
short-wavelength approximation is very good for effective diffusion lengths larger than 100 pm.
For shorter effective diffusion lengths the deviation due to the approximation in Eq. (6.22)
becomes visible.

Measurement

I demonstrate experimentally the dependence of the luminescence emission on Leg. Therefore, 1
measure the luminescence emission of 20 monocrystalline silicon solar cells at the same applied
voltage of 520 mV. All solar cells are processed equally but exhibit a process failure at the rear
and thus have different rear surface recombination velocities. Using quantum efficiency analysis,
I determine the effective diffusion length of each solar cell. Figure 6.7 shows the measured (Pgr,,
Lg)-datapairs as circles. Compared to the calculated curves (green lines), a good agreement is
achieved.
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Figure 6.7: The dependence of the luminescence emission detected between
950 nm and 960 nm on the effective diffusion length Leg. The curves calculated
with the optical model of this work (green solid lines) are in good agreement
with the short-wavelength approximation (blue dotted line) and the measured
values (yellow data).
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Fuyuki’s approximation

The approximation of Fuyuki et al.[°'l states that the measured electroluminescence photon
flux ®gy, is proportional to the effective diffusion length L.g and thus inversely proportional to
the bulk saturation current density Jy,. Although this approximation has already been used in
different publications, "> it only holds for effective diffusion lengths considerably smaller than
the solar cell’s base thickness.!'>”*] This approximation follows directly from the fact that the
effective diffusion length L.g equals the bulk diffusion length Ly, for effective diffusion lengths
smaller than W/4. I thus obtain with Eq. (6.17) Fuyuk’s approximation

cos 04

Qlum — 77, Leg< % Ly,
(I)EL sh X off : . (625)
7 a2 — (cosby 2 cos 01
lum Ly,

Figure 6.7 shows the dependence of the EL signal of the effective diffusion length. Fuyuki’s
approximation would result in a straight line through the origin, which clearly holds only for very
small effective diffusion lengths.

Relation to quantum efficiency

The analysis of the external quantum efficiency ()rqr in the wavelength range between 700 nm
and 900 nm yields information about the diffusion properties within the solar cell base. The
slope of the plot QfE_QlE versus o~ ! contains the effective diffusion length Leg. %]

I demonstrate that the effective diffusion length follows in the same manner from the EL
spectrum. Therefore, I write

~ 1 cos 01
Pl=— ~l4al , (6.26)
EL 1 _ al_uin czsezl lum Leﬁ

which reveals that the plot @Eﬁ versus 0[171}11 provides information about the effective diffusion
length Lg.

Rau!®! investigated the correlations between the EL spectrum and the external quantum
efficiency in detail and obtained a reciprocity relation between these two quantitites. I further
analyze and explain Rau’s reciprocity relation in Sec. B.1 whereas Sec. B.2 shows experimental
results.

6.6.4 Dependence of the EL signal on the collection length

For solar cells with a rear surface recombination velocity Syear — 00 and a bulk diffusion length
Ly, > 3W, it follows from Eq. (6.2) that the minority carrier distribution decreases linearly from
z = 0to z = W, as shown in Fig. 6.8(a). Since L is the integral of the normalized minority
charge carrier concentration over W, L¢ is proportional to W in this case. Hence, according to
the long-wavelength EL. model given by Eq. (6.10), the camera signal should be proportional to
w.

To confirm this prediction experimentally, a set of 15 monocrystalline silicon solar cells
was prepared. Firstly, p-type 1.5 Qcm FZ-silicon wafers with an area of 2 x 2 cm? were etched
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Figure 6.8: (a) According to Eq. (6.2), the normalized minority charge carrier
distribution decreases linearily from z = 0 to z = W for the case of Ly, > 3W
and Siear — 00. The inlay shows the structure of the solar cells discussed in
section 6.6.4. (b) The camera signal (circles) is proportional to the thickness of
the sample, in accordance with the model given by Eq. (6.10) (solid line).

to obtain different thicknesses between 150 and 300 pm. The solar cells were then fabricated
identically on these wafers and have an unpassivated and fully metallized rear surface, providing
a very high rear surface recombination velocity Syear above 10* ¢cm /s and a bulk diffusion length
Ly, of the minority charge carriers above 900 um (corresponding to Ly, > 3W). Both values
have been confirmed by analyzing IQE measurements. These solar cells thus provide a good
approximation to the idealized case of Siear — 0. The structure of the solar cells is shown
schematically as an inlay in Fig. 6.8(a).

EL measurements were carried out with the above described solar cells using the Cheetah
(Indium-Gallium-Arsenide) camera, which is sensitive over the whole spectral range of EL
emission (see also Fig. 2.2 on page 8). The applied voltage was 520 mV. An optical longpass
filter with a cut-off wavelength of 1080 nm was mounted in front of the camera in order to restrict
the detection to the long-wavelength luminescence emission. Each measurement was repeated 30
times to increase the signal-to-noise ratio. For the evaluation of the camera signal, values were
averaged over 20 pixels between two fingers. Figure 6.8(b) shows the results of the measurements
together with the model given by Eq. (6.10). The proportionality factor was determined using
linear regression of the measured data.

The measured data is in good agreement with the model given in Eq. (6.10) and demon-
strates that both the electroluminescence emission at near-bandgap wavelengths (i. e. wavelengths
above 1080 nm) and the signal of the camera detecting the electroluminescence emission are
proportional to the collection diffusion length L.
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6.6.5 Superposition principle

The superposition principle!’*’#! of Eq. (6.14) states that, for each depth z, the carrier density of
PL-wp is the sum of the EL and PL-sc carrier densities.

In experiments it is not possible to explicitly monitor the carrier distribution within the base.
However, luminescence measurements directly access the integral over the carrier distribution
and may thus give an indirect proof of the superposition principle.

I analyze a silicon solar cell at various operation conditions to experimentally demonstrate the
superposition principle. The solar cell under investigation is made of monocrystalline (float-zone)
silicon, exhibits a textured front surface, a metalized rear with local contacts and a grid at the
front (for details of the solar cell structure see Ref. 96). I measure the PL-sc, the EL and the
PL-wp luminescence emission and drive the applied voltage V1 for the EL and the PL-wp case
from 450 mV up to 550 mV in 10 mV steps. For the luminescence measurement I choose the
indium-gallium-arsenide (InGaAs) camera to correctly measure the PL-sc signal without any
disturbance of the reflected excitation light. Note that this measurement does not depend on the
investigated wavelength range of the luminescence spectrum since the superposition principle
holds for each solar cell depth z.

Figure 6.9 shows the results of the measurement. The PL-sc luminescence emission ®g. is
shown as a solid blue line and the subtraction

(Esub(vappl) = cI)wp(vrappl) - (I)EL(Vappl) (627)

as red squares. Figure (6.9) demonstrates that for low applied voltages (up to 490 mV) the
subtracted emission Dy, is in good agreement with the measured value for ®g..

However, for applied voltages above 490 mV, the measured luminescence emission at short
circuit conditions is smaller than the photon flux ®4,;,. This underestimation is explained by
the impact of the solar cell’s series resistance (751 Rger i onto the local voltage. Rger; causes
a difference between the local voltage V; and V1. However, the superposition principle of
Eq. (6.14) only holds for the local voltage V; and not for the applied voltage V1.

The local voltage V; is

Vi= Vappl +J; Rser,i (6.28)

where the plus sign holds for the PL-wp case (current extraction) and the minus sign for the
EL case (current injection). In the latter equation, R, ; is the local series resistance and the
current density J; = I /Ace accounts for the extracted/injected current I at the local position 3.
Consequently, the measured EL and PL-wp data pairs corresponds to different local voltages. For
each data pair, $Pgr, is measured at a lower local voltage than V) and @, at a higher one. For
this reason, I correct the simple V;-dependence of the EL emission [see Eq. (6.10) and (6.17)] by

V; pL
exp (%t

VigL )
eXP(W)

The correction in the latter equation scales the measured EL signal to the same local voltage as
the measured PL signal. Thus, both measurement become comparable.

qDEL,corr(%,PL) = ‘EEL,meas(%,EL) (629)
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Figure 6.9: Experimental demonstration of the superposition principle using a
monocrystalline silicon solar cell: The luminescence emission ®g. at short cir-
cuit conditions (solid line) equals @, — Pgr,. The measured data of @, — Prr,
(red squares) was corrected for local series resistance effects (green circles).

To determine the necessary local voltages V; pr, and V; gr, I assume, that the local current
density J; equals the globally extracted/injected current I divided by the solar cell area A.q)y. For
homogeneous solar cells this is usually a good assumption. For the series resistance correction
a series resistance is assumed which consequently determines the local voltages as indicated
in Eq. (6.28) and allows to carry out the correction of Eq. (6.29). As a result I find that a
series resistance value of 0.55 Qcm? gives the best agreement of ®,1, and ®.: The resulting
corrected values lie on a straight line, as shown in Fig. 6.9 by green circles, as expected due to the
superposition principle. Note that the series resistance value of 0.55 Qcm? is in good agreement
with the value of 0.65 Q2cm? which was obtained from global IV-measurements.

6.7 Short summary

In this chapter, I analyzed the luminescence emission integral which describes the detectable
luminescence photon emission of the solar cell’s surface.

The resulting luminescence spectra increase strongly for short wavelengths up to a maximum
of about 1155 nm and decreases rapidly for larger wavelengths. Compared to the spectral
coefficient of radiative recombination a peak-shift of about 30 nm to larger wavelength follows
due to the higher reabsorption probability of short-wavelength photons.

Even though the total number of photons emitted from a solar cell differs substantially at
different working points (EL, PL-sc, PL-wp, PL-oc), the emitted spectra maintains mainly its
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shape. Deviations can be found for wavelengths below 950 nm only. Similarly, base properties
of the solar cell device only change the shape of the spectra within this short-wavelength range.
In the long-wavelength range instead, optical properties like the roughness of the rear surface or
the rear surface reflectance change the shape of the spectra.

The parameter dependences of an integrating detector (like a camera) was analyzed. Therefore,
analytical solutions were found for the short- and the long-wavelength range for all working points.
Regarding the electroluminescence case, it was shown that the local voltage has a substantial
impact onto the detected camera signal for short-wavelength detectors. For long-wavelength
detectors instead, the base and the optical properties of the solar cell device also play an important
role.

Experimentally it was shown that the long-wavelength EL emission is proportional to the col-
lection length L. Regarding the short-wavelength detection, I showed by theory and experiment
that the EL signal in dependence of the effective diffusion length L.g is proportional in a first
approximation to (1 — cos 01/ Leg /).
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CHAPTER /

Solar cell equivalent circuit model and series resistance imaging

Luminescence imaging allows for a fast and spatially resolved characterization of silicon wafers
and solar cells.[”’] As shown in the previous chapters, the luminescence emission depends
exponentially on the local junction voltage. For this reason, luminescence imaging allows for a
spatially resolved determination of this voltage.!”-'>! Compared to non-camera-based scanning
techniques like contact resistance scanning (Corescan), ”®! which directly probes the surface
potential, luminescence imaging is very fast and non-destructive.

Solar cells are large-area devices and a large fraction of the generated current is under usual
operation conditions extracted at the terminals. As a consequence, the local junction voltage
(compared to the voltage applied to the terminals) is strongly affected by the current flow to the
terminals and the resistivity of the different conducting media, like finger, busbar and emitter.
Using luminescence imaging, different methods for the determination of the local series resistance
have been introduced. ' %29’ All these methods require a modeling of the current flow, where
the so-called independent local diode model is usually utilized.!'"*~'"*! In this model, the solar
cell is split into many small local elements, which are contacted to the terminals using an
independent series resistance carrying only the current of the local element itself. Even though it
was demonstrated that the results based on this independent diode model are reasonable and their
magnitude of the correct order,!'>?%??] it is a substantial simplification and the physical validity
is not obvious at first sight.

7.1 Determination of the local junction voltage

7.1.1 Local voltage

The local voltage Vi, describes the splitting of the quasi-Fermi levels at every position (x, y, 2)
within the solar cell,

q‘/loc = A-EF (71)
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The splitting A Er of the quasi-Fermi level is given by
AFEr = Epy — Erp, (7.2)

where Er,, and Er, are the quasi-Fermi levels of the electrons and the holes, respectively. The
Fermi-Dirac statistics relates the local voltage Vi, to the carrier densities n and p by

n-p=n?- I:exp (‘(Z) — 1] , (7.3)

where n; is the intrinsic carrier density. For a p-type base in low-level injection with a dopant
concentration Ny, the product

lle

n(z) p(z) — An(z)- Na (7.4)

simplifies [see Eq. (3.13)]. Inserting Eq. (7.4) into Eq. (7.3) yields

o n? Vioc
n—N -[exp(VT)—l]. (7.5)

7.1.2 Local junction voltage

The local junction voltage V; describes the splitting of the quasi-Fermi levels at the beginning of
the base (z = 0). Here, the index ¢ refers to the lateral position (x, y) of the solar cell. For z = 0
Eq. (7.5) becomes

2 g
n(0) =n; = ]T\L;A . [exp (;{;) — 1] (7.6)

for a p-type base operating under low-level injection conditions. The local junction voltage is
thus a direct measure of the carrier concentration n; at the beginning of the base. Due to the
usual assumption of a flat Fermi level in the space charge layer!°®! (which yields that Ep, is the
same on both sides of the junction) the local junction voltage can be measured directly using a
voltmeter by contacting the emitter and the rear surface.

7.1.3 Relative local junction voltage

A measurement of the local luminescence emission allows to determine the local junction voltage
because it directly probes excess carrier densities [see Eq. (6.1)]. The local luminescence emission
®; can be abbreviated by [see Eq. (6.17)]

(I)z' = Cz + eXp (:/{Z) N (77)
T

where C; is used as a calibration constant here. All parameters which are included in C; were
determined explicitly in Sec. 6.5.2; C; includes only parameters which do not directly depend
on the local voltage. However, if injection dependent parameters are present in the investigated
sample, C; may become voltage dependent.
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The local junction voltage is then extracted with Eq. (7.7) using

Vi Vel @) Vi In(®:) — Vi In(Gy). (7.8)

1

A single luminescence image (®; known but C; not) thus already contains valuable information
about lateral voltage differences AV; if C; is independent of ¢ (i. e. for monocrystalline silicon
solar cells). The absolute V; value, however, still needs to be corrected for the offset.

7.1.4 Absolute local junction voltage

The absolute value of the local junction voltage can be determined from a luminescence image if
the calibration constant C; is known. Assuming that C; does not depend on voltage, C; can be
determined if V; equals V1. This assumption holds at two different operation conditions:

» For PL a luminescence image captured at open-circuit!'®! conditions allows to calculate C;
because balancing currents within the emitter lead to an iso-potential over the whole solar
cell. As a consequence, the measured V. voltage at the terminals equals the local voltage
V;. By applying the correction for diffusion-limited carriers® the calibration constant is

(I)i,oc - q)i,sc
o)
Note that V¢ in Eq. (7.9) corresponds to the same illumination intensity and spectrum
as used for the PL. measurement and is usually directly measured meanwhile the PL

measurement is carried out. Glatthaar et al. pointed out in Ref. 15 that the correction for
diffusion-limited carriers is not needed in general since ®; . > ®; s holds in most cases.

CipL = (7.9

* For EL imaging a similar procedure!'**! is used. In contrast to PL the calibration constant
is extracted from a luminescence image where the current fed into the solar cell is as small
as possible but still allows to capture a luminescence image. The small current flow leads
to negligible voltage drops over the current path and thus V; = V,,;;; holds. The calibration
constant then reads

0¥
CipL = —ok (7.10)

Va
exp( —VEFPI )

For an image of the absolute local voltage two luminescence images are thus needed. After C; is
determined either with EL or with PL the local voltage directly follows from Eq. (7.8).

*The diffusion-limited carriers are those which cannot be extracted from the base even at short-circuit conditions.
The correction of the local PL luminescence signal for diffusion-limited carriers is carried out by subtracting the PL-sc
luminescence signal, see Sec. 6.5.1 for more details.
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7.2. TWO-DIMENSIONAL EQUIVALENT CIRCUIT MODELS OF SOLAR CELLS

7.2 Two-dimensional equivalent circuit models of solar cells

Aiming at a quantitative analysis of the local junction voltage (i. e. for a local series resistance
determination) a model for the current flow from the local element up to the terminals is required.
Such equivalent circuits have been used previously for the analysis and simulation of silicon solar
cells in one!'%! and two dimensions using interconnected and independent diode models. !'*~!03]
In principle, the two-dimensional approaches split up the solar cell in many small local elements,
whereas each local element can be interpreted as a miniature solar cell. Then, the elements are
interconnected to each other (interconnected diode model) or to the terminals (independent diode
model). Contrarily, the one-dimensional (global) equivalent circuit model just exhibits one single
element for the whole cell and is not suitable to analyze images of the local junction voltage.

In this section, I firstly focus on the modeling of the local elements. Then, I discuss in
detail the interconnected diode model. By assuming a voltage dependent local series resistance |
transform the interconnected diode model into the independent diode model. The linearization of
the voltage dependent series resistance, to allow for a simple analysis of junction voltage images,
is carried out in the next section.

7.2.1 Local elements

In general, two different types of local elements are required to model electrical and optical
properties of an industrial silicon solar cell. These two local elements represent

* aregion with a finger or a busbar on top or
* an intermediate region.

The two local elements exhibit different local IV-characteristics. Since the aim of my studies is
the description and interpretation of measured data I focus on the description of the local elements
using a diode model. However, in general, the local IV-characteristics could also stem from more
complex simulations!' %! or from measurements.

Local two-diode model

In this work, I use the local two-diode model to describe the IV characteristics of the local
elements. The local two-diode model is the adaption of the global two-diode model on local
elements. I choose this model because it usually describes well the IV characteristics of mono-
and multicrystalline silicon solar cells. The first diode accounts for the saturation current
resulting from base- and emitter recombination and the second diode usually accounts for any
deviation of the ideal first-diode behavior and may represent injection dependent parameters,
recombination within the space-charge region!'"”:'%8! or an unpassivated space-charge region at
the cell edges.['"”]

The corresponding equivalent circuit of the local element representing a region with a finger
or busbar on top is shown in Fig. 7.1(a) and the local element representing an intermediate region
in Fig. 7.1(b). These circuits include
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shunt shunt

Figure 7.1: Equivalent circuit of a local element i (a) in a region shadowed by
the finger or the busbar and (b) in an intermediate region.

a local saturation current density Jop ; of the first diode describing the emitter, the bulk and
the rear surface recombination,

* alocal second diode saturation current density Jo2 ; which considers defects within the
space charge region of unpassivated cell edges,

a local shunt resistance Ry, ; in parallel to the diodes,

local series resistances Ry, /bbi> Rem i and Ry,e 4, which allow for the interconnection of
the local elements and

* local contact resistances R ; and Ro; to contact the emitter to the finger or busbar and
the rear metalization to the base.

Within the intermediate local elements [see Fig. 7.1(b)] a local photo current I}, ; describes the
generation of excess carriers due to the absorption of photons within the solar cell’s base. This
photo current is the generation current reduced by diffusion-limited carriers which cannot be
extracted from the base even at short-circuit conditions.

The photo current I}, ; is the maximum extractable current of that specific region. However,
at a certain working point the extractable current

Textri = Iphi — Irec,i (7.11)

is the photo current reduced by the recombination current ;.. ; within the local element ¢. Jexir i
follows with the local two-diode model!'%! to

Vi
Iextr,i(vi) =Ajoc Jph,i — Aloc JOl,i €xp <V>
T . (7.12)

)
Rsh i

)

Vi
— Ajoc J02,i €Xp (M) — Aloe
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Figure 7.2: Symmetry element of a solar cell which comprises an emitter and a
finger grid at the front side of the base and a fully metalized rear contact.

where A}, is the size of the local element.

7.2.2 Model of interconnected diodes

A quite realistic approach to connect the local elements (introduced in Sec. 7.2.1) in two dimen-
sions is shown in Fig. 7.2. The local elements are interconnected to a network using the local
series resistances Ry, /bbi> Rem,i and Ryase -

Mathematical description of the interconnected diode model

The interconnection of the local elements allows for a current exchange between local elements.
Due to this interaction the current Jierm ; of an element ¢, which is extracted at the terminals,
becomes

Iterm,i(vappl) = extr,i(‘/;) - Iloss,'i(Vappl)- (713)

Here, Iexir; is the extractable current from the local element 4, as given in Eq. (7.12) and [} ;
is the current which may be supplied to any of the other elements (i.e. to a strong shunt or bad
grain). While Iey, ; is directly determined by the local voltage Ii.ss; depends on the complete
solar cell configuration and is thus a function of the applied global voltage. Note that if current
is supplied to another element the local voltage of that element increases. V; fully describes the
recombination of the local elements of the solar cell, hidden current losses do not exist.

In the interconnected model, the local voltage

Vi(Vappl) = Vappl + AVCPi(Vappl)

7.14
= Vappl + Z / ds RCPIJ appl> Jcpij(vappl)~ ( )

Cp; N

scales with the applied voltage V,,, [mV] and with the voltage drop AV [mV] over all
possible current paths cp; ; of the i-th element (the concept of current paths is illustrated in the
next section). In the latter equation, R.p;j [{2cm] is the ohmic resistance of the current path cp; ;
and Jepij(Vappl) [mAcm~?] is the local current density which flows within that path.
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Figure 7.3: Two possible current paths (red solid lines) and its underlying
series resistances of a local element described by a diode, a current generator
and a shunt resistance.

Concept of current paths

To illustrate the concept of current paths Fig. 7.3 shows a representative region of a solar cell. The
current is generated at one local element and flows within the emitter sheet resistance, the contact
resistance and the finger- and busbar-resistance to the terminals. Two possible current paths of
the local element are sketched in Fig. 7.3. In general, the resulting current path depends on the
interaction of the different local elements and thus on numerousness parameters like the lateral
distribution of series resistances, the lateral variation in base recombination and consequently
even on the applied bias voltage V1. Current paths of different elements even overlap in certain
series resistances like the finger and emitter-sheet resistance. As a consequence these series
resistances are also called distributed!''”) series resistances.

Application of the interconnected diode model

The interconnected model results in reliable values for all working points assuming that the
recombination within the local elements is correctly modeled. Even though it can only be solved
analytically for specific geometries,!'">! circuit simulation programs,!''?! like SPICE, [!!%!14]
analyze conveniently these complicated networks.

The disadvantages of a circuit simulation program are the high computation time if carried
out for a whole solar cell and that not all parameters are accessible by experiment.

7.2.3 Model of independent diodes

To overcome the limitations of the interconnected diode model the independent diode model,
which connects each local element to the terminals using an independent series resistance, was
used by different authors.['%!7-100:102.103] 1n contrast to the interconnected diode model each local
element is directly connected to the terminals using an independent series resistance. Figure 7.4
exemplarily shows this model for three local elements.

In the following, I demonstrate that the independent local diode model directly follows
from the interconnected diode model if a voltage-dependent local series resistance is assumed.
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local series resistances

A

appl

Figure 7.4: Symmetry element of a solar cell which is modeled using the inde-
pendent diode model. The connection of the local elements with an independent
local series resistance is exemplarily shown for three local elements.

As a simplification, the voltage-dependent local series resistance can be linearized in terms of
the current extracted from the local element and thus approximated using an absolute and a
differential part. At the end of this chapter, the validness of the independent diode model is
verified using two-dimensional network simulations.

Mathematical description of the independent diode model
Within the independent diode model the voltage drop
A‘/Cpi(vappl) = V;(Vappl) - Vappl (715)

between the local and the applied voltage is caused by the current extracted from that local
element flowing through an independent series resistance,

A‘/Cpi(vappl) = Rser,i(vappl) : Iextr,i(‘/i)- (716)

Here, Rger,; is the independent series resistance and corresponds to the effective local series
resistance of the current path, whereas o, ; is the current extracted from the local element 1.
By comparing Eq. (7.16) to Eq. (7.14) it becomes clear that the effective local series resistance

1

Rser,i(Vappl) = m

Z / dS Repij(Vappl) Jepij (Vappl)- (71.17)
j CP; 5

depends on the applied voltage. Since the current path cp; ; and the local current Jp,;; flowing
in that path may change on the specific working point or applied voltage V,,1 the local series
resistance Rger; also is a function of V1.

Application of the independent diode model

As a result of the independent diode model (marked with a star * in the following) the locally
extracted current equals the extracted current at the terminals,

Lorm,i Vappl) = Lextr,i(V3). (7.18)
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In comparison to the current Jierm ; of the interconnected diode model [see Eq. (7.13)] the current
loss term I ; does not appear in the latter equation because each local element is contacted to
the terminals by an independent local series resistance.

The application of the independent local diode model, i. e. the determination of global IV
characteristics, is very simple because all locally extracted currents Ie¢r; add up to the global
current

I*(Vappt) = > Textri(Vi).- (7.19)

The local voltage V; in the latter equation scales with the applied voltage V1 according to
Eq. (7.16) and Eq. (7.12).

Limitations of the independent diode model

The independent diode model is the adaption of the global diode model to local measurements.
This model is thus easy to understand and results in series resistance values which are directly
related to the series resistances extracted from the global IV characteristics.

In contrast to the interconnected diode model the independent diode model does not consider
for any current losses Ijss ; which may occur for example due to the interaction of local elements.
As a consequence, a strong current loss (i. e. a shunt resistance or recombination-active defects)
which is only present within one local element (or one region of the solar cell) would be (wrongly)
interpreted as a voltage-dependence of the local series resistance. Thus, the limitations of the
independent diode model become obvious: A physical effect (in this example the current exchange
between two local elements) manifests itself in a different way (a voltage dependence of the local
series resistance).

7.3 Linearization of the independent diode model

The difficulty of the independent diode model using a voltage dependent series resistance, as
introduced in the previous section, is that the current path and the current flow within that path
are unknown in experiment. For this reason, I simplify the independent diode model and propose
a linearization of the voltage dependent series resistance. The resulting model is called linearized
independent diode model in the following.

7.3.1 Mathematical description

The voltage drop AV,p; of Eq. (7.16) may be expressed as a function of the current Ieyir
extracted from the local element,

Achi(Iextr,i) = Rser,i(-[extr7i) : Iextr,i‘ (720)

The latter equation can then be approximated in a Taylor series

e AVC(T? (Iextr 7 0)
PAVCpi (Iextr,i) - Z —_

n=0

n (Iextr,i - Iextr,i,O)n (721)
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around a current Jex¢r i 0. The linearization of Eq. (7.20) thus becomes

dA‘/cpi (Iextr z)
—_— (L xtr,e — I xtr,i
Aloxiri Mo (extri = Textrio) (1.22)

= Rabs,i : Iextr,i,O + Rdiff,i : (Iextr,i - extr,i,O)-

LAvcpi ([eXtr,i> = AV;:pi(Iextr,i,O) +

Here, the absolute local series resistance

AViepi (Loxtr.i
Rabs,i = M (7.23)
Iextr,i,()
and the differential local series resistance
Rd'ff o dA‘/;pi(Iextr,i) (7 24)
iff,s — .

dIextr,i Textr,i,0

were introduced. Note that the differential series resistance does not follow from the slope of
Rabs,i(Vappl) but from the slope of AVip,i(fextrs). However, if the voltage dependence of the
local series resistance Rger i(Vappl) is known, the differential series resistance at the working
point Iextr,i,O is

d
@ (Rser,’i . Iextr,i) |ICxtr7i?()
dRser,i dVappl >

dVappl dIextr,i

Rdiff,i (Iextr,’i,O) =
(7.25)

)
Iextr,i,O

= Rabs,i + Iextr,i,[) : (

where Ioxir i follows with Eq. (7.11). The latter equation directly demonstrates that the absolute
and differential series resistance exhibit the same value if the local series resistance does not
depend on voltage.

Figure 7.5 illustrates a AV¢pi-Iextr,i-plot for a constant and a voltage-dependent local series
resistance. The ratio AV,; /Iextr,i of each datum gives the absolute series resistance while the
slope A C/pi(fextr,i) of the curve gives the differential series resistance.

The absolute local series resistance is determined by a method introduced by Trupke!'®! and
the differential local series resistance by a method introduced by Kampwerth.!'”]

7.3.2 Application of the linearized independent diode model

The local voltage is calculated in the linear approximation from the applied voltage by

‘/i - Vappl = Rabs,i : Iextr,i,O + Rdiff,i : (Iextr,i - extr,i,O)- (726)

The latter equation may even be simplified once more using just a constant, absolute series
resistance,

Vi - Vappl = Rabs,z’ : Iextrﬂ'- (727)

This equation is the basis used for the determination of local series resistance mappings.!'¢-2%-%7]
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Figure 7.5: Voltage dependent (1, green) and linear (2, blue) local series
resistance.

The approximation of Eq. (7.27) using an absolute local series resistance R,y ; corresponds
to the situation that each local element is connected to the terminals by an independent, constant
series resistance. The extension in Eq. (7.26), using a linear R, ; and a differential local series
resistance Rq;ff ;, allows to describe a voltage dependence of the local series resistance in a certain
voltage range.

7.4 Network simulations to verify the validity of the independent
diode model

To verify the validity of the independent diode model and its linearization the voltage dependence
of the local series resistance is analyzed in this section. Therefore, an electrical network simulation
similar to the ones presented in i. e. Ref. 115 and 116 is set up. After a short description of the
network simulation and the simulated symmetry element the voltage dependence of the local
series resistance is extracted for different solar cells: A monocrystalline silicon solar cell with
and without broken fingers and local shunt resistances and a multicrystalline silicon solar cell.

7.4.1 Simulated symmetry element

The general-purpose circuit simulation program SPICE!''%!1% (Simulation Program with In-
tegrated Circuits Emphasis) is used to simulate one symmetry element of a solar cell. This
symmetry element consists of 31 -17 = 527 interconnected local elements. A three-dimensional
sketch of this symmetry element is shown in Fig. 7.2. To account for the regions with metal
(finger or busbar) on top and the intermediate regions two different types of local elements are
used (marked with a gray rectangle and a yellow ellipse).

SPICE attempts to find an approximations to the system-describing differential equations.
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Figure 7.6: Top-view of the symmetry element simulated with SPICE.

It is thus able to fully simulate the interconnected diode model introduced in Sec. 7.2.2. The
parameters of the simulation and of the symmetry element are summarized in Tab. 7.1 and Fig. 7.6
shows a top-view of the used geometry.

7.4.2 Voltage dependence of the local series resistance

Various voltages ranging from zero up to the open-circuit voltage are applied to the terminals of
the simulated symmetry element. For each voltage, the effective series resistance is calculated for
the local element ¢ using

‘/i - Vappl
Iextr,i(vi) .

The local voltages and currents are extracted at two local positions, which are marked in Fig. 7.6
with A and B. While position A is very close to the finger, position B is the most distant point to
the contacts for this symmetry element. The locally extracted current is directly calculated with
Eq. (7.12).

Besides the local series resistances the simulation determines the global light-IV and Jy.-Vo,
characteristics. The analysis of these characteristics yields a global series and global shunt
resistance as well as the maximum-power-point voltage.>>!!7]

Rser,i (Vappl) = (728)

Monocrystalline silicon solar cell

Figure 7.7 shows the voltage dependence of the local series resistance for the simulated symmetry
element (see Tab. 7.1 and Fig. 7.6). The light-1V and Jg.-V,. analysis determines a global series
resistance of 0.49 Qcm?. For voltages smaller than Vinpp the local series resistances at positions
A and B have constant values of 0.13 Qcm? and 0.74 Qlcm?, respectively.

For voltages above 530 mV the effective series resistance first slightly rises and then rapidly
decreases to zero at 620 mV, which is the global open-circuit voltage. As a consequence of the
open-circuit condition the locally extracted current Ioxt, ; becomes zero as well as the voltage drop
between the local and the applied voltage. Thus the ratio of these two values, which determines
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Table 7.1: SPICE simulation parameters.

parameter value
Iluminated base width [z 31 mm
[luminated base height ly 1.36 mm
x-Resolution dx 1 mm
y-Resolution dy 0.08 mm

Half finger width fw 80 pm

Half busbar width bw 1000 pm
Busbar & Finger height 12.5 pm
Specific finger and busbar resistance 3 x 1075 Qcm
Contact resistance to emitter 0.003 Qcm?
Emitter sheet resistance 50 ©/sq

Shunt resistance 1 x 1019 Qcm?
Specific base resistance 1.5 Qcm

Jo1,i 1000 fA /em?
Jo2,i 0 fA /cm?
Jph,i 36 mA /cm?
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Figure 7.7: Local effective series resistance for the positions A and B of the
symmetry element shown in the inset.

the local series resistance [see Eq. (7.28)], becomes meaningless at and close-to open-circuit
conditions. Note that at these working points also the independent diode model itself does not
hold any more because the current I}, ; becomes much larger than Teygy ;.

Figure 7.7 demonstrates that for this symmetry element the approximation of a constant
local series resistance holds very well for voltages from zero up to the maximum-power-point
voltage Vi,pp. For voltages higher than Vy,p,, the approximation is not valid. It is thus not
possible to describe the whole IV-characteristics of a solar cell with the constant series resistance
approximation [see Eq. (7.27)] of the independent diode model.

Monocrystalline silicon solar cell with a broken finger

The symmetry element of the SPICE simulation is modified to account for high local series
resistances. Therefore, a finger cut is simulated at a specific distance from the busbar (see inset
in Fig. 7.8). The symmetry element thus exhibits globally and locally higher series resistance
values.

The finger cut is simulated at a distance of 29 mm to the busbar, which is close to the total
width of the finger (31 mm). As a consequence, the global series resistance increases to 1.1 Qcm?.
Figure 7.8 shows the voltage dependence of the local series resistances at position A and B.
Qualitatively, a similar behavior as in Fig. 7.7 is obtained. However, the local series resistance of
position B is way higher (3.9 Qcm?) and the maximum between the maximum-power-point and
the open-circuit voltage is more pronounced. The increase even starts at voltages smaller than the

96



SOLAR CELL EQUIVALENT CIRCUIT MODEL AND SERIES RESISTANCE IMAGING - CHAPTER 7

60 LA BN LN LB LN LN B L7 AL
Rser,FF:1-1 Qcmz Vmpp/\
5.0

/

[Q em?

ser,i

NPT

o
3

= 4.0

5 Pos. B

9 3.0

o Cut /4
S/ - %
@ - '
o 05 -
e I 1
> i 1
é | Pos. A l
(0] n J
?“3 0.0 IIIIIIIIIIIIIIIIIIIIIIIII IIII LA L
(@]

|

0 100 200 300 400 500 600 700
Applied voltage V, , [mV]

Figure 7.8: Local effective series resistance for the positions A and B of the
symmetry element shown in the inset. The finger is cut at a distance of 29 mm
to the busbar to simulate a high local series resistance.

maximum-power-point voltage. This distortion is a direct consequence of the interconnection of
the local elements and the overlapping of different current paths.

Figure 7.8 thus demonstrates that the constant series resistance approximation of the simulated
symmetry element with a broken finger holds well for position A but only for voltages up to
400 mV for position B. At the maximum power point voltage, the absolute and the differential
series resistance has to be considered for position B, as given in Eq. (7.26).

Monocrystalline silicon solar cell with a local shunt resistance

I modify the simulation to account for a local shunt resistance which I place in the center region
of the symmetry element (see inset in Fig. 7.9). The local shunt fulfills one local element (size
dx - dy) and exhibits a value of 1 Qcm?. As a result, the global shunt resistance follows to
560 Qcm?. Note that the series resistance (Rser,Fr) increases although no modifications to the
local series resistances or to the finger were carried out.

The resulting local series resistances are shown in Fig. 7.9. It is shown, that local shunt
resistances of this strength do not have any influence on the local series resistance value since the
resulting curves are very similar to the ones obtained in Fig. 7.7.
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Figure 7.9: Local effective series resistance for the positions A and B of the

symmetry element shown in the inset. A strong local shunt resistance is placed
in the center region.
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Figure 7.10: Local effective series resistance for the positions A and B of the
symmetry element shown in the inset. The symmetry element exhibits two regions
of different diode qualities.

Multicrystalline silicon solar cell

To model multicrystalline material I split the simulated symmetry element into two regions of
equal size. The region close to the busbar (bad grain) exhibits a saturation current density of the
first diode of 1000 fA /cm? and the other region (good grain) of 100 fA /cm?.

The resulting curves are shown in Fig. 7.10. In comparison to the monocrystalline solar
cell simulation of Fig. 7.7 the curves of the local series resistances are very similar. Only at
and around open-circuit conditions the curves show a different behavior. While the asymptotic
behavior of the curve of position A is very strong and at voltages smaller than V., the curve
of position B is continuous. This effect results from the different diode qualities in the two
regions: At open circuit conditions the region of 100 fA /cm? supplies current to the region of
1000 fA /cm?. The extracted current for position B thus hardly becomes zero.

7.4.3 Results

The results for the simulated types of silicon solar cells show that the independent model is
physically valid in a wide voltage range. It describes all four types from short-circuit up to
maximum power point conditions in exception of the simulated solar cell exhibiting a broken
finger. This cell can only be described up to voltages of 400 mV. Regarding voltages above
the maximum power point, the independent diode model does not hold any more. The current
exchange between different local elements manifests itself as a voltage dependence of the local
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series resistance.

7.5 Series resistance imaging

The results of the network simulations show that the independent diode model can be applied for
the analysis of measured luminescence images to determine images of the local series resistance.

7.5.1 Discussions of different series resistance imaging methods

All luminescence-based series resistance methods introduced so far are based on the determination
of the local voltage (see Sec. 7.1). They use the independent diode model to determine a resistance
accounting for the voltage drop from the terminals to the local region and the locally extracted
current. It thus gives exactly the local series resistance R ; introduced in the previous section.

For the determination of the local series resistance of multicrystalline silicon solar cells pho-
toluminescence (PL) based methods!'®!%2%] are preferred because they are able to separate Rger ;
and Jo ;. (20,1161 A1 introduced methods based on electroluminescence (EL) imaging only!! %9297
are not able to separate Rger; and Jo,; conveniently. It was shown analytically!'! that these
methods do only determine the product of R, ; and Jo ;.

Fuyuki’s assumption”!! was used in Ref. 92 and 93 to separate Ry, ; and Jp ;. However, as
already shown in Sec. 6.6.3, this assumption is not applicable to most industrial solar cells because
it only holds for solar cells with effective diffusion lengths much smaller than the thickness of the
device.

7.5.2 Series resistance imaging of a multicrystalline silicon solar cell

I use the definition of the absolute local series resistance in Eq. (7.23) to calculate the local
series resistance from images of the local junction voltage. These images are generated from
PL images, as explained in Sec. 7.1.4. In total, four PL images are required: A PL-oc- and
a PL-sc-image at a small illumination intensity to calculate the calibration constant C; and a
PL-wp- and a PL-sc-image to determine the voltage drop AVj. The parameters Jy1, Jp2 and Ry,
necessary to model the recombination within the local elements in Eq. (7.23), are extracted from
the global J.-V, characteristics. The method chosen in this section is thus very similar to the
one introduced by Trupke et al.['®)

I investigate in a multicrystalline silicon solar cell to demonstrate the capability to separate
local series resistance effects from variations in the bulk recombination. Figure 7.11 shows
a photoluminescence image at working point conditions (PL-wp). The illumination is set to
two-thirds of a sun and the applied voltage is 500 mV, well below the open-circuit voltage of this
solar cell. Clearly visible in Fig. 7.11 are lines of low luminescence emission. Those lines are
dislocation networks of high recombination activity. The busbar and fingers appear with a dark
contrast because the luminescence photons cannot emerge from the solar cell at this places.

Figure 7.12 shows the resulting series resistance mapping of this multicrystalline silicon solar
cell. While the structure of the multicrystalline material nearly vanishes in this image the local
series resistance becomes clearly visible. Due to the definition of the local series resistance along
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Figure 7.11: Photoluminescence image at working-point conditions of a mul-
ticrystalline solar cell.

the current path the local series resistance is smaller at regions close to the busbar and exhibits its
largest value at the most distant point to the busbar. This is clearly visible in Fig. 7.12, where
regions close to the busbar exhibit values around 0.4 Qcm? and regions in-between the busbar of
1.0 Qcm?. In addition, small defects of the finger grid become visible in Fig. 7.12 at the left side
in-between the busbars.

7.6 Short summary

After a short introduction how local junction voltages are extracted from EL and PL images, I dis-
cussed equivalent circuits of different local regions of a solar cell. I explained the interconnected
diode model, which depends on local elements connected to each other and to the terminals.
Analytical equations, which describe the flow of the current generated in the local element to the
terminals were obtained.

By interpreting the voltage drop between the terminals to be caused by a local series resistance,
the transition of the interconnected to the independent diode model was made. In general, this
local series resistance dependes on voltage. I could express this voltage dependence using a
Taylor series and thus a linearization was obtained, which describes the local series resistance by
an absolute and a differential one.

To verify the physical validity of the independent local diode model various types of solar
cells have been modeled using network simulations. The results showed that the independent
local diode model can be used to describe a wide variety of solar cells from short-circuit up to
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Figure 7.12: Series resistance image of a multicrystalline solar cell extracted
from photoluminescence images.

maximum power point conditions. However, for applied voltages at and close-to open-circuit

conditions the independent diode model does not hold any more and current exchange between

local elements wrongly manifests itself as a voltage dependence of the local series resistance.
Finally, a series resistance image was determined for a multicrystalline silicon solar cell. It

was shown that the series resistance effects are separated well from lateral variations in the bulk
material.
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CHAPTER 8

Local impact analysis (LIA)

Efficiency improvements are one of the main concerns in any solar cell production environment.
Solar cell characterization techniques identify the dominant loss mechanism and thus help
to evaluate, which parts of the solar cell has to be improved. Even though global solar cell
characterization techniques are commonly applied to silicon solar cells, spatially resolved methods
often yield more information since solar cells are large-area devices. While quantitative spatially
resolved methods are well established, the impact onto the global energy conversion efficiency 7
still remains unclear in most cases.

To overcome this limitation, I propose in this chapter a simple two-dimensional analysis to
model the impact of parameter mappings onto the solar cell efficiency. Measured local or global
parameters such as the saturation current densities of the diodes, the series resistance and the
shunt resistance can be fed into this local impact analysis (LIA). Based on these parameters, LIA
calculates a new light-IV characteristics and thus determines a new global energy conversion
efficiency. All parameters (including the parameter mappings) can be manipulated virtually and
fed into LIA again to determine the impact of specific lateral variations onto 7.

8.1 Introduction

8.1.1 Global solar cell characterization

The characterization technique most often applied to solar cells is the measurement of the global
current-voltage (IV) characteristics under one-sun illumination (light-IV). The analysis of this
characteristics yields fundamental solar cell parameters such as the energy conversion efficiency
7, the open circuit voltage V., the short circuit current density J. and the fill factor FF. If
additionally the Jy.-Vj characteristics!''®! is analyzed, parameters of the two-diode model!'%”!
such as the saturation current densities of the first (Jy1) and second diode (Jy2), the series
resistance!' 'l R, and the shunt resistance Ry, are extracted.!'”" Figure 8.1 exemplarily shows
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Figure 8.1: Light-1V characteristics of solar cell A and its fundamental param-
eters extracted from the light-1V and Js.-V,. characteristic.

the light-I'V characteristics of a poorly processed industrial screen-printed monocrystalline silicon
solar cell (named solar cell A in the following) and its fundamental parameters.

The comparison of the measured parameters to the parameters expected from simulation or
from previous experiments may allow to identify the efficiency-limiting parameter. Solar cell
A (see Fig. 8.1) seems to suffer from a high series resistance. However, without any further
analysis, it remains unclear where this high series resistance stems from. In addition, the analysis
of global parameters alone is often not sufficient, since the description of the IV characteristics is
inconsistent. This inconsistency becomes obvious in Fig. 8.1 where the measured and a simulated
light-IV characteristics is shown. For the simulated light-IV characteristics the parameters Jy;,
Jo2 and Ry, were determined with a least-square regression of the two-diode model to the
measured data of the Js.-V,. characteristics, the series resistance Rger pr followed from the
light-IV and Jg.-V,,. characteristics and Jy. directly from the measured light-IV characteristics.
The comparison of the simulated to the measured light-IV characteristic in Fig. 8.1 demonstrates,
that the global two-diode model does not describe well this solar cell.

8.1.2 Spatially resolved characterization techniques

Solar cells are large-area devices and thus lateral variations of recombination and resistance pa-
rameters play an essential role and can affect substantially the global power conversion efficiency.

The local series resistance (see chapter 7), for example, varies for every solar cell, since
the generated electrons have to be transported from the place of generation to the terminals.
On this way, the electrons suffer from different series resistance contributions like the emitter
sheet resistance, contact resistances and the finger resistance. For multicrystalline silicon solar
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Figure 8.2: Series resistance image of solar cell A.

cells another lateral inhomogeneity comes into play: The recombination of carriers within the
bulk varies strongly from grain to grain and thus leads to lateral inhomogeneous recombination
currents.

Several solar cell characterization techniques exist to characterize lateral variations of specific
solar cell parameters. Among them are scanning and camera-based techniques which for example
determine local effective diffusion lengths,!'?'l local shunt resistances!'?’! and local series
resistances. !9’ Based on these techniques one can localize material or process induced
faults. However, the determined local values do not allow a direct and quantified insight into the
impact of the local values onto the global performance of the solar cell.

Figure 8.2 shows the series resistance mapping of the solar cell A. Using this mapping, it
becomes clear that the origin of the high series resistance stems from a high contact resistance
induced by an inhomogeneous firing temperature. However, it remains unclear, in which amount
these high local series resistances decrease the global energy conversion efficiency.

To overcome this limitation I propose in this chapter a simple two-dimensional analysis, the
local impact analysis (LIA).

8.2 Local impact analysis

8.2.1 Mathematical description

For the local impact analysis (LIA) the model of independent diodes as introduced in Sec. 7.2.3
is used. Within this model the solar cell is split up laterally in many small local elements which
are connected with an independent series resistance to the terminals. The local voltage [see
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Eq. (7.27)]
Vi= Vappl + Rser,i : Iextr,i (81)

of each local element directly follows with the voltage V1, applied to the solar cell terminals,
and the local series resistance R ;. In the latter equation, Iext,,; gives the local current which is
extracted from the local element 1.

In the following, I use the local two-diode model for parameterizing the local IV characteristics
of a local element 7, as discussed in more detail in Sec. 7.2.1. The local two-diode model includes
a local saturation current density .Jyi ; of the first diode describing the emitter, the base and the
rear surface recombination, a local second diode current density Jp2 ; which considers defects
within the space charge region and a local shunt resistance Ry, ; in parallel to the diodes. A local
photo current I,p, ; accounts for the generation of excess carriers due to the absorption of photons
within the solar cell base and is the maximum extractable current of that specific region. The
local voltage V; is the junction voltage of the local element and fully describes the current losses

Vi Vi Vi
Irec,i(‘/i) = Ajoc JOl,i exp <V:;) + Ajoc J02,i €Xp <2VZ-T) + Ajoc Kli,z (8.2)
within the local element, where A, is the size of the local element. The current
Iextr,i(vi) = dph;i — Irec,i (8.3)

is extracted from the local element i.
Within the model of independent diodes all locally extracted currents /ey ; add up to the
global current

I(Vappl) = Z Iextr,i(vappl) (84)

extracted at the terminals (see Sec. 7.2) and thus gives a light-IV characteristics which can be
further analyzed.

8.2.2 Application schema of LIA

To calculate the global IV characteristics as indicated in Eq. (8.4) and Eq. (8.2), all parameters
have to be determined first. Parameters, which are available as mappings, have to be matched by
means of scaling, rotation and translation. Note that Ay, is limited by the measurement technique
having the lowest resolution. Since Eq. (8.2) is given implicitly for V1 I apply Newton-
Raphson’s method. Already after a few iterations a value for the local current Iextr,i(Vappl)
follows with a very high precision. As indicated in Eq. (8.4) the local currents from all local
elements are consequently added up to the global current. Thus, one IV data pair of the global IV
characteristics is obtained.

The analysis scheme carried out in this work is shown in Fig. 8.3. At first, all needed
measurements (series resistance mapping, Js.-Vo. and light-IV characteristics) are obtained from
measurements or from simulation. These data is then analyzed separately to extract Jyi, Joo,
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Data from measurement or from simulation (i.e. SPICE):
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Figure 8.3: Schematic for the analysis of monocrystalline silicon solar cells
which suffer from high local series resistances.
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Ry, and Jpp. Consequently, the resulting values and the series resistance mapping is fed into
Eq. (8.4). As aresult anew IV curve is obtained. As a consistency check, this new IV curve is
compared to the measured light-IV curve.

I calculate I'V data pairs in 2 mV steps around the maximum power point. It is sufficient for
LIA to analyze only voltages at and around the maximum power point voltage. Moreover, due
to injection dependent parameters, it is not possible to calculate the complete IV characteristics
in general. Consequently, for a reliable LIA calculations, all measured parameters have to
correspond to the injection conditions at the maximum power point.

8.2.3 Parameter determination

The presented analysis can be performed with all parameters given as local parameters in a
parameter mapping. However, in this work, my focus lies on industrial monocrystalline silicon
solar cells which suffer from high local series resistances. Consequently, a parameter mapping of
the effective series resistance R, ; is of mayor interest. For all other parameters like Jy1, 4, Jo1.4,
Jo2,i and Rgy, ; global (lateral homogeneous) parameters are sufficient in a good approximation.
Series resistance mapping

A series resistance mapping is crucial for the application of LIA. This mapping is extracted from
PL imaging as discussed in detail in Sec. 7.5.

Light-IV characteristics

From the global light-IV characteristics the short circuit current density Js. is determined which
in good approximation equals the photo current density .Jp,}, for moderate series resistance values.

Jsc-Voc characteristics

The global Jg.-V,c-characteristics is used to determine the saturation current densities of the first
and the second diodes, Jy1 and Jyo, and the shunt resistance Ry,. Since the Jy.-V,c-characteristics
is not affected by moderate series resistances values a least-square regression of the two-diode
model results in physically realistic values for standard industrial solar cells.

8.2.4 Physical validity

The resulting light-IV characteristics from LIA [see Eq. (8.4)] has to be compared to the experi-
mentally measured light-IV characteristics around the maximum power point voltage. I take a
good agreement of the model data with the experimental data as a strong indication for:

1. The physical validity of the used parameters and
2. the applicability of the model of independent diodes.

A good agreement therefore is important to rely on the determined values of the power loss
analysis and to be able to virtually manipulate the data.
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8.3 Verifying the applicability of LIA

To verify the applicability of LIA I first carry out network simulations. The focus of this
verification lies on monocrystalline solar cells which suffer from a high local series resistance,
which i. e. might be the result of a broken finger. For a realistic network simulation of the solar
cell device I use the interconnected diode model which is solved by SPICE (see Sec. 7.4).

8.3.1 Simulated symmetry element

The simulations are carried out with the same symmetry element as already used in Sec. 7.4. It
consists of 3117 = 527 interconnected local elements. A sketch of this symmetry element is
shown in Fig. 7.2. The parameters of the simulation and of the symmetry element are summarized
in Tab. 7.1 and Fig. 7.6 shows a top-view of the used geometry. The symmetry element of
the SPICE simulation is modified in this section to account for high local series resistances.
Therefore, a finger cut is simulated at various distances from the busbar. The symmetry element
thus exhibits globally and locally higher series resistance values.

The simulation is carried out for different voltages and illumination intensities to obtain the
light-IV and the J.-V,,. characteristics. At the maximum power point voltage a series resistance
image is extracted. The analysis of the light-IV and the Ji -V, characteristics yield the global
parameters needed for LIA (see previous section). The series resistance image and the determined
parameters are consequently fed into LIA as indicated in the application schema in Fig. 8.3 and
determines a new light-IV characteristics and consequently a new energy conversion efficiency.

8.3.2 Network simulations with varying local series resistances

Figure 8.4 shows the resulting energy conversion efficiencies of the analysis of the light-IV
characteristics obtained from SPICE directly (z-axis) and obtained from LIA (y-axis). It can be
seen in Fig. 8.4, that both results are in agreement for the analyzed range of series resistances.
However, small series resistance values (< 1.2 Qcm?) are in better agreement than higher values.
This is consistent to the simulations carried out in chapter 7, where I observed that the use of just
the absolute series resistance approximation is not sufficient at the maximum power point for
solar cells exhibiting high local series resistance.

For the highest global series resistance value of Rger pp = 2.3 Qcm? Fig. 8.5 shows the
light-IV characteristics of LIA and SPICE in linear and logarithmic (small inset) scale. The
light-IV characteristics obtained from LIA is in good agreement with the light-IV curve directly
obtained with SPICE. Note that the global one or two-diode model is not able to reproduce the
recombination properties (see Fig. 8.1) and would thus lead to wrong conclusions.

I conclude that LIA can be applied to solar cells with small and moderate series resistance
values (Rser pr < 1.2 Qcm?).
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Figure 8.6: Comparison of efficiencies obtained from the light-1V characteris-
tics to efficiencies calculated using the approach presented in this work. The
series resistance image of solar cell A (marked with a blue square) is shown in
Fig. 8.2.

8.4 Measurements

To demonstrate the applicability of LIA for the analysis of series resistance images of silicon
solar cells I carry out different measurements in this section.

8.4.1 LIA for monocrystalline silicon solar cells

I analyze seven monocrystalline silicon solar cells which suffer from locally high series resistances.
To apply the LIA application schema I carry out light-IV, Js.-V; and PL-Rs measurements!'¢]
and compare the solar cell efficiency which follows directly from measurement to the efficiency
which follows from LIA.

The result of this comparison is shown in Fig. 8.6. For the investigated solar cells the

measured efficiencies are in good agreement to the values obtained with LIA, even for high series
resistances.

8.4.2 LIA applied to solar cell A

I apply the LIA application schema on solar cell A, which was already introduced in Fig. 8.1 and
in Fig. 8.2. I extract the LIA IV characteristics, compare resulting efficiencies to the measured
efficiencies and demonstrate the virtual modification of the series resistance image.
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Figure 8.7: Light-1V characteristics of solar cell A and of LIA. For the LIA
calculations a series resistance mapping and as global parameters J,u, Jo1,
Joo and Rgy, are used.

IV characteristics

The measured IV characteristics and the IV characteristics obtained from LIA of solar cell A is
shown in Fig. 8.7. Both curves are in good agreement. For this solar cell, LIA results in a more
realistic IV characteristics than the two-diode model, which was shown in Fig. 8.1.

As a result of LIA an efficiency of 16.18 % is obtained which is in good agreement to the
measured value of 16.04 %.

Virtual manipulation

I virtually manipulate the series resistance mapping to a value of 0.7 Qcm?, as shown in Fig. 8.8,
and feed the data again into LIA. Due to the virtual manipulation a total power loss reduction of
0.27 mW /cm? is obtained and a new efficiency of 16.2 %.
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(a) solar cell A, R, [Q cm’] (b) solar cell A modified, R, [Q cm?]

Virtual Data
Manipulation

-
0.00 BT 400 0.00 MRS 400

Figure 8.8: Original (a) and virtually modified (b) data of the series resistance
mapping. The data of (b) is fed into LIA again. It thus determines the impact of
the high local series resistance to total power loss reduction of 0.27 mW /cm?.
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8.5 Discussion

The presented simulations and experiments demonstrate the applicability of LIA, where the focus
laid on industrial monocrystalline silicon solar cells suffering from high local series resistances.
For these solar cells, specific process induced faults might be inhomogeneous contact firing, as
shown in the example, or broken fingers, which are usually introduced by a broken screen within
the screen-printing process of the front-side grid.

8.5.1 Limitations

LIA does not hold for any parameter ranges and for any solar cell structures. In this work, I only
analyzed high local series resistances. Similar simulations as presented here has to be carried out
to demonstrate the applicability of LIA if different solar cell types, failures, or measurements
are involved. In principle, it is possible to simulate with LIA the whole IV characteristics of the
solar cell. But due to injection dependences, most of the determined parameters are not correct
for each voltage. To get a reliable information about the power losses at the maximum power
point, all measurements have to be determined at this voltage.

8.5.2 Rule of thumb

The independent diode model interprets each local inhomogeneity as a separate region with a
proprietary IV characteristics. The impact of a local inhomogeneity onto the global solar cell
efficiency doesn’t depend on the severity of the local parameter only but also of the corresponding
region size. As a rule of thumb, one might split the solar cell into two regions A and B, where
region A covers a fraction of f and region B a fraction of 1 — f. Thus, the resulting IV
characteristics is

Jtotal(vappl) = f : JA(Vappl) + (1 - f) ' JB<Vappl>7 (85)

where Ja (Vapp1) and Jg(Vappi) are the IV characteristics of each region, respectively.

8.5.3 Outlook

Possible extensions are the usage of mappings of the effective diffusion length, as obtained
by spectrally resolved light beam induced current!'>'! (SR-LBIC), mappings of the saturation
current densities, as obtained by the coupled determination of the dark saturation current and
the series resistance!”’! (C-DCR), and shunt resistance images, as obtained by dark lock-in
thermography!'??! (DLIT). In principle, the saturation current density of the emitter and of the
second diode can be fed into LIA as local parameters as well. However, until now, no methods
have been introduced to determine reliable parameter mappings of these parameters.

8.5.4 Median value of parameter mappings

For solar cell operation, a median value for any parameter variation is usually well sought after.
This median value should describe the inhomogeneous parameter of the solar cell with just one
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global parameter, which gives the same result on a homogeneous cell. The presented approach in
this work demonstrates easily with Eq. (8.2) that such a global median value exists only for Jy ;
at I conditions:

Jse = stc,i- (8.6)

For all other parameters a global median value does not exist as no parameter scales linearly with I.
Even often applied rules of thumb R;hI =>, R;hIi or Job = > _; Job,; and thus Le}fl => Lgﬁl ;
do not hold in general.

8.6 Short summary

In this chapter, I proposed a simple local impact analysis to calculate the impact of local param-
eters onto the global solar cell efficiency. Measured parameter mappings can be fed into this
approach easily and computation time is fairly low. LIA is based on the independent diode model
which was verified for solar cells with high local series resistances by means of simulations and
experiment. Parameter mappings can be virtually manipulated to determine the impact of specific
local regions onto the global energy conversion efficiency.
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APPENDIX A

Parameters of the used optical model

For the final result of the luminescence photon emission probability [see Eq. (5.24)], I used an
optical model, which was originally developed for the absorption of impinging light by Brendel et
al. in Ref. 70. In the following, I will explain in more detail the different parameters and whose
determination using measured reflectance data as examplarily shown in Fig. A.2. More details
are also given in Ref. 70. Figure A.1 shows a scheme of the optical model.

 T7 is the transmittance of a light ray passing the base under an angle 6;:

T, =exp(—aW/cosb). (A.1)

T5 similarily follows to

Ty =exp (—aW/cosbs). (A2)

Ry is assumed to equal the measured reflectance for strong absorption (o~ < W) and is
extrapolated for weak absorption (o' > W).

0 is determined by the geometry of the surface. For a chemically textured (100)-oriented
silicon, an angle of 41.8° follows for a wavelength of 900 nm. %"

Ry and Ry, are assumed equal as a first approximation: Ry, = Ry, = Rp.

Ry, is a weighted average reflectance of the specularly and diffusely reflecting rear surface,
Rbs and Rbdi

Rb = (1 — A) Rbs =+ ARbd, (A.3)
where A is the weighting-factor.
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Figure A.1: Parameters of the optical model used for the luminescence photon
emission probability in Eq. (5.24).
Ry and Ryq are assumed equal as a first approximation: Ryps = Rpq = Rp.

5 follows as the solution of Eq. (A.2) with
. ARpg T, + (1 - A) Ris T2,s

B Rea t (1A Ry (A4
where

Ths =exp(—aW/cosb). (AS)
T, is given by

T, =exp(—aW) - (1—aW)+ (aW)% Ei(aW), (A.6)
where

Ei(z) = /Oodt t~! exp(—t) (A7)

is the exponential integral function. With 7,, given by Eq. (A.6), the angle 6,, follows as
the solution of

T, = exp (—aW/cosb,) . (A.8)

0,, becomes 60° for long-wavelength light (a« — 0), as also calculated by Campbell and
Green,!'?* who described the absorption properties of pyramidally textured surfaces.

Ry, was determined by Brendel et al.!”’! using a raytracing simulation at a wavelength of
1000 nm:

Re = 0.928 £ 0.001. (A.9)

It is assumed to be independent of wavelength.
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Figure A.2: Measured reflectance (data) and model (line) of Eq. (A.12) fitted
to the data.

* Ry is calculated using

Rer — A Rpq Ty Ren + (1 — A) Rys To s Ry
0 AR Ty + (1—A) Ry Tog

(A.10)

where

R = 0.62 (A.11)

was determined using raytracing simulations.’"!

The remaining parameters A and R}, are determined by a least-square fit to the measured re-
flectance of(*”]

T1 Rp1 T Ry Ry (1 — Rpy) T2
1-— Rbn an TTQL

R=1—(1-R)|1-Ty Ry Ty (1 — Ryy) — L (A12)

Fig. A.2 shows exemplarily a measured reflectance spectrum of a silicon solar cell and the model
of Eq. (A.12) fitted to the measured data.
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APPENDIX B

Optical reciprocity theorem

B.1 Luminescence photon emission probability for EL

The luminescence photon emission probability can also be obtained for the case of electrolumi-
nescence using the optical reciprocity theorem

¢EL(A7 (z)? 0) = QEQE(Aa d% 0) ¢bb(A7 ¢7 9) exp <“//v:;> (Bl)

introduced by Rau. [*®! This theorem connects the electroluminescence emission ¢gy, per spherical
angle with the external quantum efficiency

Qnos(), 6.0) = / 0z gan(2: 0, 6,0) ful2). (B.2)

where f. is the collection efficiency. ¢gr, and Qrqr as defined in Eq. (B.1) send (¢gr,) and
receive ((QrpqQr) photons from and into the direction given by ¢ and 6.

In the following, f. in Eq. (B.2) is expressed using Donolato’s theorem *”!
Angk(z
fulz) = Ban) ®.3)
ni

which connects the collection efficiency to the normalized dark carrier distribution Ang,. In the
latter equation,

n2 Vi
=L — B.4
ny N exp < Ve > (B.4)

is the minority carrier concentration at the beginning of the base, with the base dopant concentra-
tion [V, the local voltage V; and the thermal voltage V.
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B.2. RECIPROCITY OF EL AND QE: EXPERIMENTAL DEMONSTRATION

Rau’s reciprocity theorem [see Eq. (B.1)] holds, if the emission of luminescence goes into
the solid angle (with respect to ¢ and ) of illumination for the quantum efficiency case. In an
experiment, the detector collects photons from a certain solid angle €2, as shown for example in
Fig. 5.1. The measurable photon flux then follows by integrating Eq. (B.1),

©(A) dX = dA /dQ orL(A, ¢,0)
v (B.5)
= dAQQrqr () dbb(A) exp <VZ> )
T
Again a solid angle €2 < 47 was assumed since the electroluminescence emission ¢gy, depends
in general on the direction of emission. [®!]
I apply Rau’s reciprocity theorem by inserting Eq. (B.2) into Eq. (B.5) and obtain

N
o(\) d\ = dAQ dpp, TT? / dz gen (2, \) Anguk. (B.6)
Comparing the result of Eq. (B.6) to Eq. (3.10),2
2
né.
() dX = dX ¢y, /dz fout 4m TTSQI o Angp Na, (B.7)
I obtain
Q geh(za >‘)
_ , B.
fOut(Za )‘) Ar n%i o ) ( 8)

which is the same result as already deduced in Eq. (5.24).

B.2 Reciprocity of EL and QE: Experimental demonstration

To demonstrate the relationship of ®gy, and QrqE, I measure the electroluminescence spectrum
®Er, meas and the external quantum efficiency Qrqr of a monocrystalline silicon solar cell.
Consequently, the measured gy, meas(A) data is transformed using Eq. (B.1) into an external
quantum efficiency Qgr,. However, as already described in Eq. (6.7), the EL measurement is not
calibrated,

(I)EL,meas = Lopt * (I)ELa (B9)

and determines only relative values. I thus vary C,p¢ until a good overlap of Qgrqr and Qgy, is
achieved in the wavelength range from 1050 nm to 1170 nm.

Figure B.1 shows the resulting Qrqr and Qg for this solar cell. For a wide wavelength-range
a good qualitative overlap is achieved. For wavelengths shorter than 1060 nm the measurement
of the EL spectrum becomes too noisy, which also occurs for quantum efficiency measurements at
wavelengths larger than 1150 nm. Both measurements thus complement one another: While the
quantum efficiency measurement gives the quantum efficiency with high accuracy for wavelengths
shorter than 1050 nm, EL is much more sensitive for larger wavelengths.

Tused p = Na, n = Angrk, Cen = 1 and biow as given in Eq. (3.8).
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Figure B.1: Reciprocity between electroluminescence and quantum efficiency.
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Symbols and acronyms

LATIN LETTERS

SNR.. Signal-to-noise ratio, see Eq. (2.7)

Ap... Area of volume element one, see Fig. 5.1

A,y .. Area of volume element two, see Fig. 5.1

Acall - - Area of the solar cell

Ao - . Area of one local element

Ag... Surface element of luminescence photon emission, see
Fig. 5.1

A Area of volume element 7, see Fig. 5.1

Biow - - Integral (in terms of wavelength) coefficient of radiative re-
combination obtained at low carrier densities, see Eq. (3.3)

blow - - Spectral (in terms of wavelength) coefficient of radiative re-
combination obtained at low carrier densities, see Eq. (3.3)

B -- Integral (in terms of wavelength) coefficient of radiative
recombination at an arbitrary carrier density, see Eq. (3.2)

.- Velocity of light in vacuum

Ceony - - Camera conversion factor from generated electron-hole
pairs in the pixel to digital units or counts

Ceap - - Coulomb enhancement factor of radiative recombination,
see Eq. (3.2)

Ci... Calibration constant for the local junction voltage determi-

nation from luminescence imaging, see Eq. (7.7)
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SYMBOLS AND ACRONYMS

fout,lg .

fout,sh .

fout ..

gph---

Geh,1 - -

Iy ...

Iextr,i,O .

Iextr,i .

Iloss,i ..

Iph,i ..

Calibration constant for the local junction voltage determi-
nation from electroluminescence images, see Eq. (7.10)

Calibration constant for the local junction voltage determi-
nation from photoluminescence images, see Eq. (7.9)

Diffusion constant, see Eq. (4.5)

Quasi-Fermi level of the electrons, see Eq. (7.2)
Quasi-Fermi level of the holes, see Eq. (7.2)

Collection efficiency of the solar cell base, see Eq. (B.3)

One-dimensional luminescence photon emission probabil-
ity for long-wavelength photons, see Eq. (6.9)

One-dimensional luminescence photon emission probabil-
ity for short-wavelength photons, see Eq. (6.16)

One-dimensional luminescence photon emission probabil-
ity, see Sec. 5.1.1

One-dimensional generation rate of excess charge carriers,
see Eq. (4.6)

Normalized, one-dimensional generation profile of excess
charge carriers, see Eq. (4.0)

Integral (in terms of wavelength) generation rate of lumi-
nescence photons, see Eq. (3.1)

Generation rate density of luminescence photons of wave-
length )\, see Eq. (3.4)

Normalized, one-dimensional generation profile of excess
charge carriers of the first impinging photon pass, see
Eq. (4.17)

Current which is extracted from or fed into the solar cell
at the terminals

Short-circuit current of the solar cell

Current used to develop the dependence of the local volt-
age drop from the extracted local current in a taylor series,
see Eq. (7.21)

Current which is extracted from the local element 7, see
Eq. (7.11)

Current which is extracted from the local element 7 but con-
sequently lost in any another element due to the interaction
of all local elements, see Eq. (7.13)

Photo-current of the local element ¢, see Eq. (7.11)
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SYMBOLS AND ACRONYMS

Treci - Recombination current of the local element i, see mA
Eq. (7.11)
Tierm,i - Current of a local element 7, which is extracted at the mA
terminals, see Eq. (7.13)
Joi-. .. Saturation current density of the first diode fAcm—?
Joz- .. Saturation current density of the second diode fAcm—?
Job- - - Base saturation current density fAcm—2
Joe ... Emitter saturation current density fAcm ™2
Jo... Saturation current density fAcm 2
y Short circuit current density of the solar cell mAcm 2
Ji ... Current density of the local element ¢, see Eq. (6.28) mAcm 2
Joi,i - Saturation current density of the first diode at the local fAcm™2
element ¢
Jo2i - - Saturation current density of the second diode at the local f Acem—2
element ¢
Job,i - - Base saturation current density of the local element fAcm 2
Joi - Total saturation current density of the local element ¢ fAcm—2
Jepij - - Local current density within the j-th current path of the mAcm 2
i-th local element, see Eq. (7.17)
Jphyi - - Photo current density of the local element 4, see Eq. (7.12) mAcm ™2
Jph - Photo current density of the solar cell mAcm 2
Jsc,i - - Short circuit current density of the local element ¢, see mAcm 2
Eq. (8.6)
L. .. Absorption length of light in silicon pm
Ly... Diffusion length of minority charge carriers within the pm
bulk of the solar cell, see Eq. (4.5)
L¢c... Collection length of the solar cell base, see Eq. (6.11) pm
Leg .. Effective diffusion length of the solar cell base, see pm
Eq. (4.19)
Legi - - Local effective diffusion length of the local element : of pum
the solar cell
n... Total excess electron concentration, see Eq (3.12) cm™3
ng ... Thermically generated excess electron concentration, see cm ™3
Eq (3.12)
ni... Total excess electron concentration at the beginning of the cm ™3
base, see Eq. (4.8)
NAjr - - Refractive index of air
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SYMBOLS AND ACRONYMS

Nj...
Nark - -

Nrw . .

Prax - -
Qcam ..

QEr - -
QEQE -
Ry ..
Ry, ..

Rys ..
Ry...

Dopant concentration of the acceptors

Number of dark electrons generated within one pixel, see
Eq. (2.10)

Full-well capacity of the camera’s pixels, see Eq. (2.16)
Intrinsic carrier concentration, 8.3 x 102 ecm—3 at 25 °C
Square of intrinsic carrier concentration

Number of photons which enter one pixel of the camera,
see Eq. (2.8)

Refractive index of silicon

Number of signal electrons generated within one pixel, see
Eq. (2.9)

Number of signal electrons within one pixel of measure-
ment ¢, see Eq. (2.4)

Total excess hole concentration, see Eq (3.12)

Thermically generated excess hole concentration, see
Eq (3.12)

Maximum output power of the solar cell

Spectral quantum efficiency of the detector (i. e. the cam-
era).

External quantum efficiency calculated from an EL spec-
trum, see Sec. B.2

External quantum efficiency, see Sec. B.2

Internal reflectance at the rear surface at the first internal
hit, see Eq. (4.15)

Internal diffuse rear reflectance, see Eq. (A.3)

Internal reflectance at the rear surface for the second and
all subsequent hits, see Eq. (4.15)

Internal specular rear reflectance, see Eq. (A.3)

Internal rear surface reflectance, is a weighted average
of the specular back reflectance Ry of flat regions and
the diffuse reflectance R.q of the rough back surface, see
Eq. (A.3)

Internal reflectance of the front surface at the first internal
hit, see Eq. (4.15)

Internal reflectance of the front surface at the second and
all subsequent hits, see Eq. (4.15)

Internal specular reflectance of the front surface
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SYMBOLS AND ACRONYMS

Re... Direct reflectance of the outer front surface, see Sec. A

Tph- - - Distance travelled by a photon pm

Riad .. Radiative recombination rate, see Eq. (3.1) cm3g7!

Ry .. Internal reflectance of diffuse light at the rear surface, see
Eq. (A.3)

Rger Fr - Series resistance of the solar cell which represents the cm?
power losses in the fillfactor compared to the pseudo-
fillfactor

Rger . . Global series resistance of the solar cell Qcm?

Rg .. Shunt resistance of the solar cell Qcm?

Raps,i - Absolute local series resistance of the i-th element, see  cm?
Eq. (7.23)

Repij - - Ohmic resistance along the j-th current path of the i-th Qcm
element, see Eq. (7.14)

Raigr i - Differential local series resistance of the i-th element, see  cm?
Eq. (7.24)

Rger i . Local effective series resistance of the local element i of Qcm?
the solar cell

Rgp i .. Local shunt resistance of the local element i of the solar Qcm?
cell

Seff - - Effective surface recombination velocity lumping all para- cm/s
sitic current losses into one value which acts at the begin-
ning of the base, see Eq. (4.10)

Sem - - Effective emitter surface recombination velocity which cm/s
follows from the emitter saturation current density

Stront - - Surface recombination velocity at the front of the solar cell cm/s

Srear - - Surface recombination velocity at the rear of the solar cell cm/s

T ... Transmittance through the bulk at the first photon pass, see
Eq. (A.1)

Ts... Transmittance through the bulk at the second photon pass,
see Eq. (A.2)

texp - - Exposure time of the camera s

Toptics - Transmittance of all optics in-between the sample and the

detector itself, including filters and lenses.

Tos .. Transmittance through the bulk at the second photon pass
for specularly reflected light, see Eq. (A.5)

T, ... Transmittance through the base at the third and all subse-
quent photon passes, see Eq. (A.6)
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SYMBOLS AND ACRONYMS

Vappl - -

Vinpp - -

Voc. ..
V...
‘/loc--

ViEL ..
VipL..

N

Applied voltage at the solar cell

Maximum power point voltage of the solar cell

Open circuit voltage of the solar cell

Thermal voltage, 25.7 mV at 25 °

Local voltage, see Eq. (7.2)

Local junction voltage at EL. measurements, see Eq. (6.29)
Local junction voltage at PL measurements, see Eq. (6.29)

Local junction voltage, refers to the junction voltage at the
element ¢ of the solar cell, see Eq. (7.6)

Thickness of base region
Thickness of emitter region

Distance to the front surface

GREEK LETTERS

ap2p - -
aimp ..

Alym - -

AFrp..

Andrk .
Ange. .
Ange . .

Anygyp, .

AVepi

Absorption coefficient of band-to-band recombination
Absorption coefficient in silicon of impinging photons
Absorption coefficient in silicon of luminescence photons
Quasi-Fermi level splitting, see Eq. (7.2)

Externally generated excess electron concentration, see
Eq (3.12)

Externally generated excess electron concentration in the
dark, see Eq. (4.18)

Externally generated excess electron concentration at open-
circuit conditions, see Eq. (4.24)

Externally generated excess electron concentration at short
circuit conditions, see Eq. (4.20)

Externally generated excess electron concentration at
working-point conditions, see Eq. (4.23)

Externally generated excess hole concentration, see
Eq (3.12)

Voltage drop between the local and the applied voltage over
the current path of the i-th local element, see Eq. (7.14)

Lambertian factor, an areal fraction A of the back surface
behaves like an ideal lambertian reflector while a fraction
1 — A is ideally flat, see Eq. (A.4)
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SYMBOLS AND ACRONYMS

Aimp - -

Alum - -

®bb - -

@drk ..

Pgr, g -

DL, oh -

PEL - -

Wavelength of impinging photons
Wavelength of luminescence photons

Planck’s black body photon flux density per volume, time
and solid angle, see Eq. (3.7)

Thermally generated electron flux of each camera pixel,
see Eq. (2.10)

Flux of electrically stimulated long-wavelength lumines-
cence photons (EL) emitted from the sample’s front sur-
face, see Eq. (6.10)

Flux of electrically stimulated short-wavelength lumines-
cence photons (EL) emitted from the sample’s front sur-
face, see Eq. (6.17)

Flux of electrically stimulated luminescence photons (EL)
emitted from the sample’s front surface

Flux per solid angle of electrically stimulated lumines-
cence photons (EL) emitted from the sample’s front sur-
face

Flux of impinging photons at the outer solar cell front
surface, see Eq. (4.5)

One-dimensional photon flux of impinging photons along
the z-axis of the sample, see Eq. (5.17)

Flux of luminescence photons emitted from the sample’s
surface, see Eq. (3.11)

Flux of long-wavelength luminescence photons emitted
from the sample’s front surface at PL-oc conditions, see
Eq. (6.15)

Flux of short-wavelength luminescence photons emitted
from the sample’s front surface at PL-oc conditions, see
Eq. (6.21)

Flux of luminescence photons emitted from the sample’s
front surface at PL-oc conditions

Flux of long-wavelength luminescence photons emitted
from the sample’s front surface at PL-sc conditions, see
Eq. (6.12)

Flux of short-wavelength luminescence photons emitted
from the sample’s front surface at PL-sc conditions, see
Eq. (6.19)

Flux of luminescence photons emitted from the sample’s
front surface at PL-sc conditions
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SYMBOLS AND ACRONYMS

Daup - -

b ..
d

wp - -
D, ...

(I)i,EL ..
D;oc ..
Do ..

Odf .-

Odrk - -

Oro - - -
Og...

Otmp - -

0 ...

O ...

Ppp, ..

Nimp,O .
Nimp - -

Flux of luminescence photons which results from a sub-
traction of the fluxes at PL-wp and EL conditions, see
Eq. (6.27)

Signal electron flux of each camera pixel, see Eq. (2.9)

Flux of luminescence photons emitted from the sample’s
front surface at PL-wp conditions

Flux of luminescence photons emitted from the front sur-
face of the local element ¢

Flux of luminescence photons of the local element ¢ from
the sample at short-circuit conditions, see Eq. (7.10)

Flux of luminescence photons of the local element 7 from
the sample at open-circuit conditions, see Eq. (7.9)

Flux of luminescence photons of the local element ¢ from
the sample at short-circuit conditions, see Eq. (7.9)

Standard deviation of dark-frame subtracted values, see
Eq. (2.11)

Standard deviation of the dark electrons, see Eq. (2.10)
Standard deviation of the read-out noise, see Eq. (2.11)
Standard deviation of the signal electrons, see Eq. (2.9)

Standard deviation of temperature fluctuations,

see Eq. (2.11)

Angle of photon propagation, first pass for impinging pho-
tons, last pass for luminescence photons, see Fig. 5.2
Effective mean angle of specular and diffuse photon prop-
agation, second pass for impinging photons, last but one
pass for luminescence photons, see Fig. 5.2

i-th angle of photon propagation

Effective mean angle of diffusely reflected photon propa-
gation, more than two passes for impinging photons, less
than last but two passes for luminescence photons, see
Fig. 5.2

Flux of luminescence photons emitted from the sample’s
surface per wavelength interval, see Eq. (3.10)

Modified electroluminescence photon flux to demon-
strate the relation to the external quantum efficiency, see
Eq. (6.23)

Number of impinging photons at the surface element Ag

Number of impinging photons
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SYMBOLS AND ACRONYMS

Num - - Number of luminescence photons

TEXTUAL REPLACEMENTS

Yimp - - Abbreviation for an impinging photon

Yum - - Abbreviation for a luminescence photon

e ... Abbreviation for an electron

Jse-Vioe Characteristics consisting of Jy. and V,. data pairs ob-
tained at equal illumination intensities

p-n .. Junction of p-type and n-type semiconductors

pt... Abbreviation for a hole

EL .. Electroluminescence

FF... Fill-factor of the illuminated current-voltage characteris-
tics of the solar cell.

ie. .. For example

v ... Current voltage

P-V .. Photovoltaic

PL-oc . Photoluminescence at open-circuit conditions

PL-sc . Photoluminescence at short-circuit conditions

PL-wp . Photoluminescence at working point conditions

PL ... Photoluminescence

QE .. Quantum efficiency

SR-LBIC  Spectrally resolved light beam induced current

VECTORS

tAimpp. . Direction of impinging photons at the outer front surface,
see Eq. (5.11)

fimP, N - Direction of impinging photons within the /N-th pass, see
Eq. (5.11)

glum,O- . Normalized vector pointing from the place of generation
to the direction the photon is sent into, see Eq. (5.11)

flum’ N - Direction of luminescence photons after /NV-th surface hit,
see Eq. (5.11)

ﬂmp .. Impinging photon path inside the solar cell or wafer, see
Sec. 5.2.1
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ﬁum .. Luminescence photon path inside the solar cell or wafer,
see Sec. 5.2.1
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