
Signature of Photon Emission and  

Laser Stimulation for Failure Analysis 

of Semiconductor Devices  

with respect to Thin-Film Solar Cells 

Vorgelegt von 

Dipl.-Ing. 

Mahyar Boostandoost 

aus Shemiran, Iran 

 

Von der Fakultät IV - Elektrotechnik und Informatik 

der Technischen Universität Berlin  

zur Erlangung des akademischen Grades  

Doktor der Ingenieurwissenschaften  

- Dr.-Ing. - 

genehmigte Dissertation 

Promotionsausschuss: 

Vorsitzender: Prof. Dr. Bernd Rech  

Gutachter:  Prof. Dr.-Ing. Christian Boit 

Gutachter:  Prof. Dr. Martin Kittler 

Tag der wissenschaftlichen Aussprache: 21. März 2013 

Berlin, 2013 

D 83 



 2 

 

Zusammenfassung 

Diese Arbeit befasst sich mit der Übertragung hoch entwickelter optischer Cha-

rakterisierungsverfahren aus der Fehleranalyse von mikroelektronischen Bauele-

menten in die Photovoltaik (PV). Speziell werden hier die Methoden des optisch 

induzierten Stromes (OBIC) sowie die Photonemissionsmikroskopie  (PEM) an-

gewendet. Ziel ist ein höheres Verständnis in der Leistungsanalyse von Bauele-

menten der PV mit dem Fokus auf siliziumbasierten Dünnschichttechnologien.  

Gegenwärtig wird OBIC, die erste genannte Technik, im Bereich der mikroelekt-

ronischen Bauelemente fast ausschließlich im nahen Infrarot (NIR) betrieben, 

dadurch kann bei der  notwendigen Rückseitenanalyse das Siliziumsubstrat mög-

lichst verlustfrei durchstrahlt werden. Für die erfolgreiche Übertragung dieser 

auch IR-LBIC (Infrared Light Beam Induced Current) genannten Technik in die 

PV-Analyse siliziumbasierter Dünnschicht-Solarzellen, wird in dieser Arbeit aus-

führlich der Einfluss der relevanten Messparameter wie z.B.  der Laserwellenlän-

ge, der lokalen Beleuchtung und der Laserleistung untersucht. Die  experimentel-

len Ergebnisse werden unter Einbeziehung von unterstützenden 

optoelektronischen Modellrechnungen diskutiert. Es wird gezeigt, dass sich gera-

de die spezifischen Eigenheiten des OBIC Messverfahrens, wie z.B. die geringe 

Absorption des NIR-Lichtes im Si-Material, für die Charakterisierung der Dünn-

schicht-Solarzellen vorteilhaft nutzen lassen, um Einsichten in sub-bandgap Ei-

genschaften des Absorbermaterials, die Charakteristik von Korngrenzenregionen 

und lokalen Lichteinfangeffekten zu erhalten. 

Das zweite zentrale Verfahren, das in dieser Arbeit betrachtet wird, ist die PEM. 

Dieses Verfahren wird bereits in der PV-Analyse als Elektrolumineszenz (EL) 

vorwiegend im Durchlassbereich eines pn-Überganges angewendet, um die loka-

len Serienwiderstände oder die Diffusionslänge der Minoritätsladungsträger in der 

Absorberschicht zu erfassen, sowie zur Identifizierung von beim Herstellungspro-

zess der Solarzellen induzierten Defekten. Während PEM im Bereich der elektro-

nischen Schaltungen eher im Sperrbereich angewendet wird, um Leckströme oder 

logische Schaltvorgänge zu identifizieren, ist das PV-Äquivalent ReBEL (Reverse 

Bias EL) noch nicht etabliert. In dieser Arbeit werden die hochaufgelösten ReBEL 

Bilder  verwendet, um die Defektverteilung und das Vordurchbruch-Verhalten in 

den PV-Bauelementen zu untersuchen. In diese Analyse einbezogen werden auch 

die Ergebnisse spektral aufgelöster PEM-Messungen sowie ergänzender Verfahren 

wie die Strom-Spannung (I-V)- Messung (auch temperaturabhängig), die Mikro-

strukturuntersuchungen unter Verwendung eines Rasterelektronenmikroskopie 

(SEM)/Focused Ion Beam (FIB)-Gerätes und die Untersuchungen zur Oberflä-

chentopographie mittels Rasterkraftmikroskopie (AFM). Für eine verbesserte 
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Empfindlichkeit der spektral aufgelösten EL-Messungen im NIR-Bereich wird 

zusätzlich ein InGaAs-Detektor eingesetzt, dessen Vorteile im Vergleich zur übli-

chen Si-CCD Kamera diskutiert werden.  

Insgesamt ergeben sich aus den präsentierten Ergebnissen eine Reihe neuer An-

wendungen von optischen Charakterisierungsmethoden aus der Mikroelektronik-

Welt für siliziumbasierte Dünnschicht-PV. Die höhere Messgenauigkeit ermög-

licht präzisere quantitative Auswertungen. Darüber hinaus hat die grundlegende 

Analyse dieser Methoden bei der Übertragung nicht nur zu einem besseren Ver-

ständnis  in der PV beigetragen, sondern umgekehrt auch das Know-How in der 

Fehleranalyse der mikroelektronischen Bauelemente gestärkt. 
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Abstract 

The objective of this study is to explore how some well-developed microelectron-

ics (µE) optical characterization techniques can be transferred in photovoltaic 

(PV). The techniques of interest are the OBIC (Optical Beam Induced Current) 

and PEM (Photon Emission Microscopy). The purpose is to gain more insight into 

performance of PV devices based on silicon thin-film technology.  

In the first technique of interest - the OBIC - mostly NIR (Near Infrared) laser is 

employed for performing the measurement, because devices must be investigated 

from the backside where no metal layers is preventing the laser beam from reach-

ing active components. For successful establishment of this technique, so called 

IR-LBIC (Infrared Light Beam Induced Current) in PV, we study important pa-

rameters relevant to characterization of the silicon based thin-film solar cells: laser 

wavelength, effect of local illumination and laser power. The experimental data 

are evaluated with the help of two-dimensional modelling and device simulation. 

Then, we investigate different types of thin-film solar cells by employing various 

specifications of the OBIC measurement, e.g. the low absorption of the applied 

laser at the wavelength of 1064 nm in silicon material. Following this approach, 

we demonstrate the ability of the IR-LBIC technique to obtain information about 

the sub-bandgap response of the device for detecting light scattering/trapping ef-

fects, and to study the grain boundary characteristics.  

The second technique, PEM, is based on the electroluminescence (EL) mecha-

nism. This technique is established in PV as EL preferably in the forward bias in 

order to detect the local distribution of series resistance, to evaluate material prop-

erties like minority carrier diffusion length in the absorber layer, to deduce process 

induced defects and to gain insights into the quality of production processes. 

Whereas in electronic circuits the p-n junctions usually operate in the reverse bias 

to localize leakage currents or switching of logical states. However, the PV-

equivalent ReBEL (Reverse Bias EL) is not well established yet. High resolution 

ReBEL map are also used to analyse the pre-breakdown behaviour and the defects 

distribution in the device. Additionally, the spectral EL and ReBEL analyses and 

some complementary measurements such as dark current-voltage (I-V), tempera-

ture dependence I-V characteristic, sample cross sectioning using FIB (Focused 

Ion Beam)/SEM (Scanning Electron Microscopy) system, as well as surface to-

pography measurements using AFM (Atomic Force Microscopy) are done on the 

investigated solar cells. For further discussion on the NIR specific characteristics 

of the investigated devices, the EL and ReBEL measurements are also performed 

using a detector with the wavelength sensitivity extended in the NIR region (In-

GaAs detector) giving particular advantages over capacity of Si-CCD camera.  
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This perspective, based on the study objective and presented results, enables us to 

develop some new PV applications by applying the optical characterization tech-

niques from the world of µE devices to silicon based thin-film solar cells. We ef-

fectively employ the higher accuracy of these techniques to get more quantitative 

evaluations. Therefore, use of microelectronic failure analysis tools in PV tech-

nology has been investigated and gives prominent outcome in practical adapting 

relevant techniques. Additionally, a better understanding of the challenges associ-

ated with transferring these techniques into PV helps us to extend our expertise in 

microelectronic failure analysis. 
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1 Introduction 

Photovoltaic (PV) power generation is an important type of the alternative energy 

technology that has been strengthening its position among others due to the varie-

ty of benefits: flexibility, conceptual simplicity, the possibility of installing almost 

everywhere that sun shines and easy to maintenance. Current PV technology has 

been developed so well that solar cell producers guarantee the reliable operation 

of their high efficiency solar systems for over 25 years. However, to compete with 

other types of the green energy resources like hydropower and wind, further de-

velopments and researches are still needed to improve the efficiency and reliabil-

ity of solar cells by using alternative materials and developing new fabrication 

techniques, and adapt them to suit the industrial requirements. For this purpose, 

significant progress is still required to improve the conversion efficiency of solar 

cells, which is to a large extent limited by microscopic defects, e.g. at grain 

boundaries in polysilicon based thin-film solar cells.  

Photovoltaic characterization techniques have been developed well in the last dec-

ades by leveraging the characterization methods used in physics, chemistry, mate-

rial science and microelectronics (µE). Among them, the expensive and strong 

tools designed for microelectronics failure analysis (FA) could made their way 

into the PV industry by adapting technically and economically to the requirements 

of this technology. For this, there has always been a need to create a bridge be-

tween the requirements and demands of the PV and the developments and 

strengths of the microelectronics technology. 

In this study, we implement different optical interaction FA techniques including 

backside OBIC (Optical Beam Induced Current) and PEM (Photon Emission Mi-

croscopy) on polysilicon (poly-Si) based thin-film solar cells and discuss chal-

lenges we face to use and interpret the obtained results. Backside OBIC is the 

main method of this study. OBIC is an efficient and non-invasive optical analysis 

technique in microelectronics which can be used to detect and localize variety of 

defects in ICs (Integrated Circuits). Due to the increasing complexity of modern 

microelectronic systems, it is almost impossible to perform optical interaction 

techniques like OBIC from the front side of the sample. Therefore, devices must 

be investigated from the backside where there are no metal layers preventing the 

laser from reaching the active components on the front side (Backside OBIC). To 

implement this technique, the OBIC measurements should be performed using an 

optimal laser wavelength and laser power. For this purpose, normally a laser with 

the wavelength of 1064 nm (1.165 eV) in the near infrared (NIR) range with rela-

tively high laser power is used. Regarding the laser wavelength of 1064 nm which 

is in the NIR range, this technique is called IR-LBIC in PV. 
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In photovoltaics, OBIC, which is called LBIC (Light Beam Induced Current) in 

PV, is generally performed at a wavelength where the photon energy is clearly 

above the bandgap energy of the absorber layer to ensure a high cell efficiency 

regime. The IR-LBIC measurement, benefiting from its unusual wavelength, can 

provide information about the solar cell spectral response for photons with energy 

slightly above the silicon bandgap energy, which is especially interesting in this 

context because of its low absorption rate and can be used for many applications, 

which are partly discussed in this study.  

Regarding the specifics of the IR-LBIC technique, e.g. the applied laser power 

density and wavelength, some related issues like spatial and depth resolution of 

the results are investigated. Additionally, the influences of different device param-

eters on the spatial resolution of the IR-LBIC map are discussed. Afterwards, the 

operation regime (low or high injection) in the solar cell while illuminated with a 

laser beam is studied to define the transition point from the low to the high injec-

tion level (changeover condition). Finally, the challenges for using this technique 

in PV for performing quantitative characterization measurements on the thin-film 

solar cells are discussed and some solutions are suggested. 

Furthermore, we utilize the IR-LBIC technique to characterize thin-film poly-Si 

solar cells. First, the light collection properties of these cells are locally analyzed 

in the NIR range using IR-LBIC. Afterwards, the ability of this technique for de-

tecting light scattering structures and also detecting and investigating grain 

boundaries are discussed. A Dual-Beam equipment is used in this step to make 

precise cross sections to gain information about the device structure at the inter-

esting points. In addition, AFM (Atomic Force Microscopy) is used to make a 

topography image especially at the grain boundary regions to investigate the light 

scattering and plasmonic effects. Next, the electroluminescence image of the solar 

cells is investigated under forward (EL) and the reverse bias (ReBEL) condition. 

The EL and ReBEL signal are decomposed spectrally; the first one at different 

temperatures. The EL and ReBEL imaging are used to interpret the influence of 

material properties like minority carrier diffusion length and crystal defects on the 

solar cell performance. This also allows evaluating the quality of individual solar 

cell production processes like metallization and etching. In this step, we mainly 

investigate the possible correlation between electroluminescence results (EL and 

ReBEL) and IR-LBIC signal response.  

The content of this work is structured as follows. First, a brief overview of some 

optical interaction failure analysis techniques in the microelectronics industry is 

presented (chapter 2). This part starts with a brief introduction to the physics of a 

p-n junction diode as basic component of most of microelectronic devices and 

followed with an overview of failure analysis techniques based on the interaction 

of a laser beam with a semiconductor device. Afterwards, we continue with 

presentation of Gaussian laser beam properties, and its integration in an optical 
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system. Next, the photovoltaics and physics of the solar cell and the characteriza-

tion techniques for thin-film solar cells are presented. In chapter 4, the investigat-

ed thin-film solar cells, and in chapter 5 the experimental optical instrumental 

setups used in this study are presented. In chapter 6, we discuss the challenges for 

transferring of FA techniques like backside OBIC from microelectronics to PV. 

Finally, in the last chapter the results of measurements performed on the three 

investigated Si based thin-film solar cells are discussed. 
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2 Microelectronics 

Microelectronics is the area of the electronics associated with the systems made of 

very small electronic components. Microelectronics does not just include integrat-

ed circuits, but also many other types of devices which are based on semiconduc-

tor materials. Microelectronic devices are divided into two main groups: active 

(e.g. transistors and diodes) and passive (e.g. capacitors, inductors and resistors). 

The early electronic technology was based on vacuum tubes, which had many 

built-in problems like the weight, high operation voltage and heat generation. The 

need to reduce the size, weight, and power of military electronic systems during 

the Second World War was the driving force in the development of smaller, light-

er, and more efficient electronic components. The next generation of the electronic 

technology was based on the solid state devices. The development of the printed 

circuit board (PCB) reduced the size of the electronic system drastically but still 

they were not without shortcomings. The number of components on the PCB is 

limited by size and shape of components and the reliability of the system is low 

due to wiring and connectors errors. The next big step was the development of 

integrated circuits (ICs). The first operational integrated circuit was invented in 

1958 and since that the basic technologies used to manufacture ICs have not 

changed. Digital integrated circuits consist mostly of transistors in the front-end of 

line (FEOL) which are interconnected (back-end of line (BEOL)) to form the elec-

trical circuit. The modern digital ICs are mainly based on CMOS (Complementary 

Metal Oxide Semiconductor) device technology which has been improved over 

last three decades drastically. The success of the MOS (Metal Oxide Semiconduc-

tor) technology was due to its ability to meet the demands of microelectronics 

industry for scaling to smaller dimensions while simultaneously ensuring the 

higher performance. The CMOS architecture is now the dominant technology for 

digital ICs, as it could show the ability to improve the performance while decreas-

ing the power consumption [1]. 

In the following section, we discuss briefly one of the simplest microelectronic 

devices: the semiconductor p-n junction. The p-n junction structure plays a very 

important role in the modern microelectronic and also optically active semicon-

ductor devices such as solar cell. The understanding of the p-n junction character-

istics is very important for the purpose of this study. Therefore, in the following 

we discuss briefly the physics of a semiconductor p-n junction device (semicon-

ductor diode).  
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2.1 Diode 

A p-n junction diode is a two terminals device consists of a p-type and n-type 

semiconductor in contact with each other. This simple structure is the basic com-

ponent of most of semiconductor devices and ICs. It can be used as a separate 

component (diode) or as a part of other more complex devices (Field Effect Tran-

sistor (FET), bipolar transistor). The basic theory of current-voltage (I-V) charac-

teristic of a p-n junction was first established by Shockley and then extended by 

Sah, Noyce and Shockley, and by Moll [1]. This aspect of the p-n junction is dis-

cussed in chapter 3.2.1 (Dark I-V) and its behavior under optical stimulation is 

presented in a separate chapter (3.1) entitled solar cell. In this section, we discuss 

briefly the physics of a p-n junction as a separate microelectronic device in the 

equilibrium and also non-equilibrium condition by applying an electrical bias. 

Additionally, we introduce two important p-n junction device parameters: built-in 

voltage and space charge region width. 

We assume an abrupt p-n junction consists of a n-type and a p-type semiconductor 

with a constant acceptor impurity concentration of NA and donor impurity concen-

tration of ND, respectively (figure 1.a). Under thermal equilibrium condition, by 

contacting the n-type and p-type semiconductor, electrons diffuse from the n-type 

to the p-type and holes from the p-type to the n-type semiconductor (diffusion 

current) to balance the Fermi-level. This causes a band bending of the conduction 

band edge (EC) and the valence band edge (EV), as it is shown in figure 1.b. After 

this cross section process, the diffused majority carriers become minority carriers 

with a limited lifetime. The diffusion of the majority carrier across junction leaves 

behind ionized dopant atoms. The ionized donors and acceptors set up an electric 

field near the p-n junction in the region called the space charge region (SCR) or 

the depletion region. Assuming that the SCR is zero at a certain distance from the 

junction edge, the electric field is confined to a finite region with the maximum at 

the p-n junction (depletion approximation) (figure 1.c). This maximum is con-

trolled by the doping concentration in the low doped region and increases with the 

doping concentration. The electric field within the SCR is in the opposite direction 

of the diffusion current to sweep holes in the p-type and electron in the n-type 

region. Under equilibrium conditions, the total net current is zero, which means 

the diffusion current equals the drift current for both electrons and holes. The 

Fermi-level (EF) in the whole semiconductor under thermal equilibrium must be 

constant. At the junction, the potential difference in the band diagram across the 

interface, called the built-in voltage Vbi (figure 1.b.), is in fact due to the difference 

between the Fermi levels of the joined semiconductors and is expressed as [1]: 
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ni is the intrinsic carrier concentration. k, T and q are the Boltzmann constant, 

temperature in Kelvin and electronic charge, respectively. Equation 2.1 is valid 

when dopants are fully ionized (nn ~ ND, pp ~ NA). nn and pp are the majority carri-

er concentration in the n- and p-type region, respectively. Assuming the depletion 

approximation, the width of the SRC (WSCR) can be expressed as sum of the width 

of the SCR in the p-type (Wp) and the n-type (Wn) regions [1]: 
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where ε is the semiconductor dielectric permittivity and V is the bias voltage 

which is zero at the equilibrium condition, positive at the forward bias and nega-

tive at the reverse bias. The SCR width is controlled by the doping concentration 

in the more lightly doped side. The electron and hole density is determined by the 

difference between the Fermi-level and the conduction band edge and Fermi-level 

and the valence band edge, respectively. In the thermal equilibrium condition, the 

product of electron (n) and hole (p) density is equal to ni
2
. The carrier concentra-

tions are related to each other by the built-in voltage (figure 1.d) [1]. 

The p-n junction can be driven in non-equilibrium condition by biasing it electri-

cally in the forward or reverse direction. In both cases, the equilibrium between 

the diffusion and drift current disturbs. The forward bias results in the reduction of 

both electric field at the interface (figure 1.g) and SCR width (figure 1.e) in the 

device. In contra, the reverse bias results in the opposite behaviour for both elec-

tric field (figure 1.k) and SCR width (figure 1.i). In the forward bias, the de-

creased electric field lowers the barrier to diffusion current that results in an in-

crease of the diffusion current while the drift current stays the same (figure 1.f). 

Thus a net current flows through the device biased in the forward direction. In the 

reverse bias, the barrier to the diffusion current is increased (figure 1.j), which 

results in a reduction of the diffusion current while the drift current stays the 

same. Similarly, a net current flows in the device biased in the reverse direction, 

which is very small in comparison to the forward current. Under forward bias 

condition as well as reverse bias, the quasi-Fermi energies (EFn and EFp) are used 

in the band diagram instead of the Fermi-energy (EF) to describe the electron and 

hole energy level under injection or extraction conditions. Due to the applied for-

ward bias, the number of diffused carriers increased (np > ni
2
) which results in the 

injection of the excess carriers at the edge of the SCR (figure 1.h). In contra, un-

der reverse bias condition the number of diffused carriers decreased (np < ni
2
), 

which results in the extraction of the minority carriers at the edge of the SCR (fig-

ure 1.l). The electron and hole density at the edge of the SCR can be described as 

an exponential function of the applied voltage (Boltzmann statistic). A few diffu-
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sion lengths away from the p-n junction, the carrier concentrations are driven back 

to the equilibrium condition [1]. 

 

Fig. 1: The simplified p-n junction structure under the equilibrium condition (a) and non-

equilibrium at forward bias (e) and reverse bias (i), with their corresponding band diagram (b, f, j), 

electric field (c, g, k) and minority carrier and majority carrier concentration in the p-type and n-

type regions (d, h, l), respectively [1], [2]. 

 

2.2 Failure Analysis Techniques for Microelectronic Devices 

The design of the integrated circuits is becoming more complex and incorporates 

more advanced functions; hence the logical determination of a failure became a 

very hard task. By benefiting from the design for testability (DFT) computer algo-

rithms, the designer can find in most of the cases the affected circuit logic, but the 

exact positioning of the defect at the transistor level, if possible, is very time con-

suming task. The fast developing nature of the semiconductor industry requires 

better quality with faster speed at a lower cost. For this purpose, the rapid design 

debug, quick failure analysis and immediate corrective action are essential. Simp-

ly, the failure must be found and located as accurate as possible in the shortest 

time with enough detailed information for the failure correction. To meet these 

requirements, we need powerful failure analysis tools and techniques [3][4]. 

Failure analysis techniques are the essential part of the microelectronics industry 

for further development of complex ICs. Generally, the failure analysis procedure 
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starts with collecting information about the failure and to reproduce it under a 

controlled condition. After confirmation of the failure phenomenon, its location 

should be disclosed and its cause should be determined. The main application and 

aim of the FA is to specify the failures without a detailed understanding of the 

device operation (determination of the root cause of the failure). For this purpose, 

the visual inspection, electrical characterization (e.g. using tester), package failure 

analysis (e.g. X-ray observation) and chip failure analysis (e.g. photoemission 

analysis) are taken step by step to narrow down the failure location. With the help 

of some optimal physical and chemical methods and analysis equipments, the FA 

results can be used to clarify the causes and mechanisms of the failure. The chip 

physical analysis (e.g. Scanning Electron Microscope (SEM)) is the last step to 

observe physically the failure. Determination of the root cause of the failure can 

help the producer to improve the quality and reliability of the product and its yield 

and minimize customer returns. The producer can then develop a corrective plan 

to prevent similar failures in the future and improve products. In this manner, fail-

ure analysis is not just investigating the failure roots and mechanisms of failed 

products, but is a relevant and essential part of the microelectronics industry to 

improve the quality and reliability of the products by reducing failures in custom-

er processes and the market as much as possible [3], [5]. 

The chip FA techniques should be ideally non-destructive, easy to apply and sensi-

tive and also provide high spatial resolution to narrow down the location of the 

failure as precisely as possible. We can divide chip failure analysis techniques in 

two major categories: photon-based and electron-based methods. Each method 

can then be divided into many sub-categories, depending on the mechanism used 

to investigate the device operation. The main focus of this study is on two well-

developed photon-based FA techniques: Photon Emission Microscopy (PEM) and 

Optical Beam Induced Current (OBIC), which are considered in some details in 

the following sections. 

 

2.2.1 PEM (Photon Emission Microscopy) 

Photon Emission Microscopy (PEM) is one of the most successful tools for failure 

localization in integrated circuits (ICs), which can detect very weak photon emis-

sion from semiconductor devices. These photons could be emitted from transis-

tors, p-n junction diodes and other photon generating structures. PEM is a passive 

photon probing technique in contrast to the OBIC, where the light beam interacts 

with the IC. PEM is performed by collecting photons from the device, depending 

on the spectral sensitivity of the detector in a specific wavelength range from visi-

ble (400 to 770 nm) to the near infrared (770 to 1500 nm). PEM setup could be 

equipped with a cooled Si-CCD (Silicon based Charge Coupled Detector) camera 

with a spectral range from 400 up to 1100 nm or with some compound semicon-
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ductors such as HgCdTe or MCT (Mercury Cadmium Telluride) with the sensitivi-

ty range between 800 to 2500 nm, and InGaAs (Indium Gallium Arsenide) detec-

tor which has a spectral range from 800 up to 1700 nm. The last two detectors 

have the sensitivity that is further extended in the infrared (IR) regime [6]. 

Due to the relative transparency of the silicon in the IR range, this technique could 

be performed through both the chip front side and the backside. In both cases, a 

reflected image could be acquired from the same area of the PEM. In the backside 

PEM, the reflected image could be registered either using an IR camera like In-

GaAs detector or with a Si-CCD camera with a short path filter (1000 nm) in the 

optical path. The PEM image then can be overlaid on the reflected image to facili-

tate the localization. Multilayer metallization in the front side and also the use of 

flip-chip packaging in the modern microelectronic devices increase the interest for 

the backside PEM. In this case, the camera can just detect the emission with the 

energy less than the silicon bandgap energy. The transparency of the silicon de-

creases with increasing the dopant concentration, therefore, the thinning process 

became a standard process to prepare the device based on the highly doped sub-

strate for backside PEM measurement using the IR detector [5], [6]. Another rea-

son for increasing the role of IR photon emission microcopy in the microelectron-

ics is the decrease of the technology node which results in a shift of the peak of 

the PEM signal into the IR range. 

The photon emission process in a semiconductor occurs via two basic mecha-

nisms which can be distinguished by their emission spectrum: radiative band-band 

recombination and relaxation accompanied with the light emission. The first is 

due to the radiative band-band recombination of electrons and holes which is gen-

erally centered in the bandgap of the semiconductor material. In indirect semicon-

ductors like silicon, this process is accompanied by the emission or absorption of 

a phonon. As few phonons are available for absorption in the room temperature, 

this process is dominant with the phonon emission. Therefore, there will be usual-

ly a shift of the emission maximum to longer wavelengths. Additionally, recombi-

nation involves both donors and acceptors impurity levels, which shift the emis-

sion wavelength further into the IR range [5], [6]. The other PEM mechanism is 

based on the intraband relaxation accompanied with the light emission. The emis-

sion relaxes the excitation of the mobile charge carriers gained from accelerating 

in an electrical field and shows a wide spectrum extended in the visible range [6]. 

Generally, in the static operation mode, no photon emission should occur in defect 

free digital ICs (CMOS technology). The reason is that the current flowing 

through the inversion channel of a MOS transistor is low resistive and is not ac-

companied by the light emission [6]. Therefore, each PEM signal from such de-

vices is an indicator to a failure. These photon emission spots can be explained 

based on one of the two above mechanisms. A forward bias p-n junction, bipolar 

transistor in the saturation mode and latch up emit the light based on the radiative 
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recombination process. The emission from the reverse bias p-n junction, leakage 

current, MOS transistor in the saturation mode, ESD (Electrostatic Discharge) 

protection breakdown, bipolar transistor in the active mode and GOX (Gate Ox-

ide) defect (locally high current and Fowler-Nordheim current) are due to the re-

laxation accompanied with the light emission [6]. In the following, we address 

briefly these effects starting with the forward and reverse bias p-n junction. 

A p-n junction in the forward bias emits the light based on the same mechanism as 

LED (Light Emitting Diode) or semiconductor lasers, which is the radiative band-

band recombination. The electrical stimulation of such an area generates electrons 

and holes in the area near to where they recombine. The recombination of the 

electrons and holes generates light with the spectrum centered at the bandgap of 

the semiconductor. The photon emission mechanism in the reverse bias p-n junc-

tion is based on the intraband relaxation. Applying a high enough reverse bias 

voltage increases the probability that an excited electron cross through the junc-

tion. The recombination of these carriers generates photons with the energy signif-

icantly above the bandgap energy (leakage current). If the reverse bias reached the 

point of avalanche breakdown, the photon intensity in the visible range increased 

drastically, however, the emission peak stays near the bandgap energy [5]. This is 

not an ideal case for PEM because it is an instable condition and may damage the 

device during the measurement [6]. 

Some defects in CMOS ICs, e.g. open and short circuits of metal or polysilicon 

interconnections, result in the saturation condition in the MOSFET. In the satura-

tion condition, at the drain side of the transistor the channel is pinched off. The 

charge carrier transport between source and drain as carrier cross the pinch off 

region includes a drift component. The light emission intensity is strongly coupled 

to the substrate current, which means the carriers from source and drain are re-

combining with the majority carriers from the substrate. This mechanism is simi-

lar to the photon emission mechanism in the reverse bias p-n junction and hence 

shows the similar spectral response. Some of the carriers generated by multiplica-

tion in the pinched off region can penetrate the gate oxide (hot electron) which 

could be detected also by PEM while showing the similar emission spectrum. De-

tection of such emission is more difficult for p-channel devices in comparison to 

the n-channel. This is due to ionization potential difference between electron and 

holes, which makes the emission from the p-channel MOSFET weaker and there-

fore harder to detect [5]. 

The Fowler-Nordheim current is part of the leakage current of an intact gate oxide 

which emits light due to the relaxation accompanied with light emission but with 

different spectral distribution showing a maximum at 1.8 eV. Probably the most 

difficult kind of defects to detect using PEM is the gate oxide short. In the defect-

ed gate oxide, a conductive path is created through the oxide between gate and 

channel or drain/source region. The emission spectrum shows in this case a strong 
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component in the visible range that decays in the NIR. The emission process is 

dominated by electrons excited above the conduction band edge (hot electrons) 

and radiatively recombined with empty states in the valence band [6]. 

Another emitting mechanism can be due the latch up. Latch up is a term used in 

the microelectronics to describe a particular type of short circuit which can occur 

in an improperly designed IC [7]. The latch up in a CMOS can be modeled as two 

parasitic bipolar transistors (a PNP and a NPN transistor stacked next to each oth-

er) connected to form a device like a thyristor. When the thyristor operates in ON 

state or low impedance state, all its p-n junctions are forward biased and hence the 

bipolar transistors are in the saturation condition. In this case, the emission spec-

trum is of the same shape as for a forward bias p-n junction [6]. 

 

2.2.2 OBIC (Optical Beam Induced Current) 

Variety of different laser beam based failure analysis techniques are used in mi-

croelectronics. The interaction mechanism of a laser beam with the semiconductor 

is dependent on the semiconductor material and structure (e.g. crystal structure, 

bandgap) and the laser beam property (e.g. wavelength, polarization, temporal 

regime, laser power and laser beam size). In figure 2 some of the most important 

laser interaction mechanisms are illustrated. Generally, when the laser beam illu-

minates a semiconductor device, part of the incident photons is absorbed, another 

part is reflected and the rest is transmitted through the sample. The interaction of 

each part could be then employed with different techniques to learn about the de-

vice characteristics [8]. 

In the first case, the incident photons are absorbed and can generate further pho-

tons, phonons or electron/hole pairs. The generated photons are responsible for the 

photoluminescence effect in a semiconductor that is employed in techniques such 

as photoluminescence (PL) and time resolved PL (TRPL) to determine impurity 

energy levels in a semiconductor device. The absorption of photons in a device 

using a laser beam with energy lower than the semiconductor bandgap causes 

photothermal effect that is used in variety of techniques including SEI (Seebeck 

Effect Imaging), OBIRCH (Optical Beam Induced Resistance Change) and TIVA 

(Thermally Induced Voltage Alteration) [9] measurements to localize many differ-

ent physical defects in integrated circuits. The photo-acoustic (PA) effect is oc-

curred also by phonon generation under optical excitation, which is established as 

a technique for spectroscopic analysis of different materials especially powdered 

solids. The generation of electron/hole pairs in a semiconductor under optical 

stimulation with an energy higher than the semiconductor bandgap is called pho-

toelectric effect and is widely employed in the microelectronics failure analysis in 

techniques such as OBIC, photoconductivity and LIVA (Light Induced Voltage 
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Alteration) [9] to characterize microelectronic devices. The laser beam could also 

be scattered by the semiconductor, either at the same wavelength as that of the 

incident laser, defined as Rayleigh scattering, or with a shifted wavelength, de-

fined as Raman scattering. The amount of shift can then be used in a so called 

Raman spectrometry technique to determine the sample composition and crystal 

structure [8], [10]. 

 

Fig. 2: The most important interaction mechanisms between a laser beam and semiconductor ma-

terial [8]. 

The reflected part of the incident laser beam is also used in many techniques for 

device characterization. The reflectivity measurement such as ellipsometry is used 

widely to determine the layer thickness by measuring the changes in the polariza-

tion states of the reflected light [10]. The modulated reflected laser is used in the 

LVP (Laser Voltage Probing) technique to measure the modulated part of the laser 

beam refection caused by the electrical activity in the device [11]. 

Each of these measurement techniques has its own advantages and disadvantages 

for certain applications. The focus of this study is the OBIC, as an efficient and 

non-invasive optical analysis technique and its use in microelectronics to deter-

mine the electrical properties of variety of devices. The national Bureau of stand-

ard (NBS) developed in 1977 the first OBIC system equipped with two low-power 

Continuous Wave (CW) helium-neon lasers with 633 and 1150 nm wavelengths 

[12]. The NBS setup has been used for investigating the inner operation of differ-

ent microelectronic devices including complex MOS integrated circuit [13]. From 

80’s, this technique has been used widely as one of the advanced characterization 

method to meet the rapid development and needs of the microelectronic industry. 

The OBIC measurement is influenced by many different parameters, which make 

it difficult to interpret and to use for quantitative measurements. OBIC has in 

principle analogy with the EBIC (Electron Beam Induced Current) technique, but 
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it possesses certain advantages over it, so that it is non-destructive and is not af-

fected by the charging problem. Additionally, it does not require to be installed in 

a vacuum system, hence, it is inexpensive compared to the EBIC setup [14]. 

Therefore, the first works published about OBIC in 80’s were using the models 

developed for EBIC technique. Afterwards, the mathematical model of the OBIC 

was introduced and studied presenting qualitative and empirical studies [15], and 

then the detailed and explicitly mathematical model was formulated in a form 

comparable with experimental settings [16]. The development of powerful two-

dimensional (2D) simulation software has simplified modeling of the OBIC to 

understand its transport properties and expand its applications. 

The OBIC can be used for both quantitative and also qualitative measurements. 

Quantitatively, OBIC is widely used in microelectronics to detect and localize 

variety of defects, including ESD (Electrostatic Discharge) or EOS (Electrical 

Overstress) damage, leakage current, as well as open and inter-level shorts in con-

ductors in ICs [17]. OBIC map can display the location of the buried diffusion or 

generation centers and also demonstrate the defective junction in ICs. In addition, 

it can be used to confirm the ‘on’ and ‘off’ states of a transistor, to detect a latch 

up mechanism within a circuit and localize weak points within a MOS transistor. 

Qualitatively, this technique is used to extract information about semiconductor 

properties, e.g. minority carrier diffusion length, minority carrier lifetime and re-

combination velocity [18], [19]. 

 

2.2.2.1 OBIC Setup 

In OBIC, a low power laser beam scans over the sample, and generates elec-

tron/hole pairs. The generated electron is excited into the conduction band through 

a single-photon absorption, which involves just a single photon in the stimulation 

process. This process is only possible if the single photon has sufficient energy to 

overcome the semiconductor bandgap (1.12 eV for crystalline silicon) and makes 

the electron to jump into the conduction band. This technique called also 1P-

OBIC in contrast to the 2P-OBIC or TOBIC, where each electron/hole pair is gen-

erated via absorption of two photons. The generated electron/hole pairs would 

then normally recombine within a diffusion length and hence no photovoltaic ef-

fect would be observed. But with the presence of an internal (e.g. in the SCR near 

a p-n junction, a schottky barrier or a grain boundary) or external electric field 

within a few diffusion lengths, electron/hole pairs can be separated into free elec-

tron and holes and the resulting charge carriers drift in the opposite directions. The 

optically induced current is then collected by ohmic contacts and flows in the ex-

ternal circuit and finally is amplified and measured. The current changes due to 

the electron/hole pair generation and recombination produce the contrast in a 2D 



 31 

current map (OBIC image). The obtained OBIC signals are correlated with the 

position of the laser beam [5]. 

The irradiation system of an OBIC setup is based either on a laser or a mono-

chromator and a halogen lamp. The monochromator selects a narrow spectral 

range of the halogen lamp, which is however always wider than the laser spec-

trum. In this study, we discuss just the setup based on the laser irradiation system 

and distinguish between different laser scan techniques. Regarding the laser scan-

ning method, we can distinguish between three different setups. The first one is 

based on a movable laser beam while the device under test is fixed, second, a 

fixed laser beam and a movable device, and the last one the combination of both 

previous methods. The principle of the first setup is based on the laser beam de-

flection according to a given pattern. The beam deflection is realised using a co-

ordinated rotation of mirrors set in orthogonal directions, by removing lenses from 

the main optical axis, or by means of telecentric lenses [20]. The second setup is 

generally slower than the former one, since the scan time is limited by the move-

ment speed of the sample holder. Finally, in the mixed setup the beam should per-

form an arch-shaped scan as the device moves linearly. The matrix of analysed 

points does not present an orthogonal pattern and therefore a correcting procedure 

is required. Each of these setups faces different difficulties and challenges that 

should be technically overcome to provide a stable and robust system with a high 

resolution [21]. 

In the following, we address some of the important parameters of advanced high 

resolution OBIC setups, and discuss the laser interaction mechanism with the de-

vice. The focus of the study is the backside OBIC measurement performed with 

the NIR-laser. First, we address the advantage of confocal microscope as an essen-

tial part of an advanced OBIC setup for imaging and afterwards the pros and cons 

of the NIR-laser would be discussed. The laser beam profile and the optical sys-

tem including the objective lens and the influence of the laser beam size and the 

power intensity on the OBIC results are also addressed. 

 

2.2.2.2 Confocal Microscope 

Optical confocal microscopy is a subset of well-developed field of the microsco-

py. The first confocal microscope was invented by M. Minsky in 1955 with the 

originally prototype called “double focusing stage scanning microscope”. It had 

lasted a decade till this invention was adopted technically in practical applications 

[22]. The confocal microscope arrangement improves slightly the lateral resolu-

tion and increases the signal to noise ratio (S/N) and therefore the image contrast. 

But the most important improvement is achieved due to its ability for optical sec-

tioning. 
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Unlike traditional optical microscope, where the whole device is illuminated, in 

confocal configuration a laser beam scans the sample (point scanning illumina-

tion). A schematic of a typical confocal configuration is presented in figure 3. The 

laser beam is reflected by a dichroic mirror and focused onto a spot. The light 

from sample comes back with a lower wavelength (tens of nanometer lower than 

the laser wavelength) and passes through the dichroic mirror and a confocal pin-

hole. The detector then detects the light emitted during the interaction of the laser 

with the illuminated volume at the focus level. The confocal pinhole filters and 

heavily attenuates the light originating from parts of the sample which are out of 

the focal region.  
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Fig. 3: The schematic of a confocal laser scan microscope [23]. 

There are several approaches in the literature for calculating the axial resolution of 

a confocal configuration. According to the diffraction theory, axial resolution be-

tween full width at half-power points for uniform illumination of the lenses is in-

versely proportional to the square of the numerical aperture (NA) and is propor-
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tional to the wavelength (λ) and the refractive index (nr) of the immersion liquid 

or medium [23]. In table 1 the axial and lateral resolution of the conventional and 

confocal microscopy are illustrated. It is assumed that the pin hole is very small. 

As it can be seen, using confocal microscopy a small improvement in the lateral 

resolution is achieved. As already mentioned, the optical sectioning capability is 

the main advantage of the confocal microscopy. However, this feature is not due 

to the better axial resolution. In fact, the axial resolution does not improve signifi-

cantly by using a confocal microscope configuration in comparison to the conven-

tional widefield microscope (table 1). The optical sectioning properties of the con-

focal microscope result from the characteristics of the integrated intensity point 

spread function. This function has a maximum at the focal plane. The equivalent 

integral of intensity point spread function for the conventional widefield micro-

scope is constant as a function of depth and therefore is not capable of optical sec-

tioning [23]. 

Resolution Conventional Microscope Confocal Microscope 

Axial 2NA

n
 

)(

64.0

22
NAnn rr 


 

Lateral 
NA

51.0
 

NA

37.0
 

Tab. 1: Comparison of the lateral and axial resolution in a conventional and a confocal microscopy 

[23]. 

The width of the response curve defines the layer in the space that is seen by the 

detector, and therefore it represents the depth resolution of the confocal micro-

scope. For example, using a laser wavelength of 1064 nm and assuming an objec-

tive with NA = 0.5 and nr = 1, the axial resolution is about 5 µm, which is not very 

small value. The lateral resolution in this case is about 6 times smaller than the 

axial resolution equal to ~0.8 µm.  

An advanced OBIC setup equipped with an NIR laser is usually based on a confo-

cal microscope, which allows obtaining micrograph images in depth of the device 

(optical sectioning). The ability of the confocal system combining with the trans-

parency of silicon in the NIR and IR ranges enables imaging through the device. 

This feature allows 3D profiling of a device such as multi-layer structures in ICs. 

Therefore, in addition to the slight lateral resolution improvement, a confocal sys-

tem allows optical sectioning, so that the user only detects signals which originate 

from the focal region and out-of-focus information is rejected and does not con-

tribute to the image. This is important as it indicates that only in-focus details are 

imaged. In a confocal system, the reflectance signal of a confocal arrangement 
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varies with axial position, while the OBIC signal should stay almost constant. 

This indicates the limitation of the OBIC for depth discrimination, which is due to 

the fact that the OBIC signal is the sum of the currents generated at all axial posi-

tions that are being irradiated with the laser beam. This current does not vary sig-

nificantly as the focus of the laser beam varies along the different axial positions. 

The only effect can be due to the divergence behaviour of the laser beam along z-

axis, which leads to an inhomogeneous light intensity distribution along the z-

axis. In this manner, focusing the objective at different depths within the sample 

by using laser scanning confocal microscopy could result in the OBIC signal vari-

ation. 

 

2.2.2.3 Laser Beam Profile 

In order to understand the interaction of the laser beam with a semiconductor ma-

terial, we need to learn about the intensity profile of the laser beam. Considering 

the theoretical TEM00 laser beam, fundamental mode, the irradiance distribution of 

the laser beam is modeled by an ideal Gaussian intensity profile, as it is shown in 

figure 4. Although for real-life lasers the irradiance distribution is not perfectly 

Gaussian. 

 

Fig. 4: Irradiance laser beam profile of a Gaussian TEM00 mode [24]. 

In the following, I discuss some issues related to the Gaussian irradiance distribu-

tion, e.g. the laser spot size, which is essential for correct interpretation of the la-

ser stimulation mechanism in a device. The irradiance distribution of a Gaussian 

laser beam I(r) is expressed as[25]: 
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where w = w(z) is the beam radius after the wave has propagated a distance z, 

which is defined also as laser beam spot size. I0 is the maximum laser power in-

tensity, z is the distance propagated from the plane where the wavefront is flat, 

and r is the distance from the axis. The laser beam is not collimated due to the 

diffraction and therefore spreads transversely as it propagates. But its intensity 

profile stays Gaussian in every beam cross section in the propagation path, and it 

is just the laser beam width that changes along the z-axis and acquires curvature. 

The laser beam radius after wave propagation in a distance z is described as [25]: 
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(2.4) 

where w0 is the laser beam spot size at the plane where the wavefront is flat (beam 

waist radius), zR is referred to as the Rayleigh range which is the distance where 

the beam area is doubled and divides the near-field (Fresnel) from the far-field 

(Fraunhofer) region. The Rayleigh range is defined as the waist area divided by 

the laser wavelength (λ) [25]: 



 2

0
w

zR   
(2.5) 

The confocal parameter or depth of focus (DOF) is another important parameter 

alternative to the Rayleigh range. Within this distance, the beam is approximately 

collimated and is defined as [25]: 



 2

02 w
DOF   

(2.6) 

Gaussian beam shows different divergence behaviour at near-field and far-field 

regions. As it is shown in figure 5, near the beam waist, where z < zR (near-field), 

the divergence angle is very small, but far from the waist, where z > zR (far-field), 

divergence angle approaches the asymptotic limit (θ) which is the far-field angular 

radius of the Gaussian laser beam [25]: 

0w


   

(2.7) 
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Fig. 5: Contour of Gaussian laser beam near z = 0, around the confocal region. The far-field angu-

lar radius, θ, is also illustrated [24]. 

 

2.2.2.4 Laser Spot Size 

The definition of the laser beam diameter with a Gaussian profile is one of the 

most important properties of a laser based optical system. This parameter affects 

directly the resolution of the reflected micrograph image and also the OBIC map, 

the laser power density and therefore the generation rate in the device under illu-

mination. Dependent on requirements of the application, several different defini-

tions are reported in the literature for the laser spot size with a Gaussian profile; 

among them two are widely used in the laser scanning microscopy (LSM). Based 

upon the first definition, the laser beam diameter is the value at which its intensity 

has fallen to 1/e
2
 (13.5%) of its peak value and by the second one, which is re-

ferred as FWHM (Full Width at Half Maximum), is the diameter where the inten-

sity has fallen to 50% of its peak value. In this study, we used the first definition 

for the laser spot size. 

Before further discussion, the difference between the laser spot size and the illu-

minated spot size should be distinguished. The first one is property of the laser 

cavity and the later one is a subjective estimation. To measure the laser spot size, 

the illuminated spot should be scanned with a photodetector behind a pinhole. The 

laser intensity versus position of the pinhole results in a Gaussian curve, which 

can be processed further to extract the laser spot size [24]. 
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2.2.2.5 Transferring and Focusing the Laser Beam 

In most of laser based applications, the laser beam should be focused, modified or 

shaped using different optical elements, including optical fibers and objective to 

provide the required laser beam intensity profile and laser spot size. To follow the 

change of the laser beam profile after passing through these different optical ele-

ments in a complex optical system a so called complex laser beam parameter is 

employed. All the important parameters of the laser beam profile can be extracted 

knowing this parameter that is defined as [25]: 

RL izzzq )(  (2.8) 

The laser spot size is then expressed using qL(z) as [25]: 











)(

1
Im

)(

1
2 zqzw L


 

(2.9) 

By transferring the Gaussian laser beam through an optical element, its complex 

laser beam parameter changes. To follow this change a so called ABCD rule is 

used to define the property of the transferred laser beam. Assuming the complex 

laser beam property of qE and qA at input and output of the optical element, the 

laser beam property at the output side is defined as [25]: 
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(2.10) 

Where A, B, C and D are the elements of the beam matrix, Mst, which relates the 

beam at the input and output of the optical element. The beam matrix is deter-

mined as [25]: 

DC

BA
M st   

(2.11) 

If there be several optical elements in the propagation path of the laser beam, the 

beam matrix Mst is simply written as [25]: 

121..... MMMMM nnst   (2.12) 



 38 

 

Fig. 6: Focusing of a Gaussian laser beam using a thin lens of focal ‘f’ [24]. 

As it is shown in figure 6, we assume the input Gaussian beam is focused using a 

thin lens with a focal length ‘f’. The propagation distance from the lens is ‘g’ 

while it is focused at the distance ‘b’ from the lens at another side. In this case, 

there are three optical elements in the propagation path between input and output. 

The beam matrix should describe the propagation of defocused waist (w0) to the 

focus one (w’0) at distance ‘b’ from the lens. The beam matrix describing the fo-

cus process through a thin lens of focal length ‘f’ and a propagation of distance ‘g’ 

is a product of three matrixes that is written as [25]: 

.

1
1

11

10

1
.

11

01
.

10

1

f

g

f

f

b
g

f

b

g

f

b
M st
















  

(2.13) 

Using the so called ABCD rule the output beam complex parameter (qA) is written 

as [25]: 
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(2.14) 

Using this method, all the important parameters of the focused laser beam includ-

ing the Rayleigh range, laser spot size and far field angular radius can be extracted 

from qA [25]: 
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(2.15) 

The above complex equations can be simplified considering some assumption to 

define the focused laser spot size. For example, in most application the beam is 

incident at its waist on a lens of focal length (f = g). In this case, the Eq.(2.15) is 

simplified so that the waist size can be expressed as [25]: 
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(2.16) 

Therefore, the focused waist size is not just dependent on the incident beam waist 

but also on the ratio of the focal length to the incident beam waist size. In fact, the 

intensity profile of a laser beam at the focus point is dependent on the intensity 

profile of the incident light filling the entrance pupil of the lens. In optics, a so-

called truncation ratio (TR) is defined to simplify the system characterization. The 

truncation ratio is the ratio of the Gaussian beam diameter to the aperture diameter 

of the lens (DL) [26]: 
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T 02

  
(2.17) 

The value of the truncation ratio determines not only the laser spot size, but also 

the total power loss through optical elements. The choice of the truncation ratio is 

the compromise between the laser power loss and the spot size; so that a higher TR 

results in a higher power loss but smaller spot size. As TR approaches unity the 

truncation from the lens boundary increases and generates diffraction effects at the 

focal point. The energy distribution at this point is between an Airy pattern and a 

Gaussian distribution. Another parameter that is used in optics to describe such a 

complex optical system and to determine the laser spot size at the output is a so 

called K-factor. The K-factor (K) is defined by means of the truncation ratio. The 

laser spot size (diameter of image spot) is then defined by knowing the K-factor 

using the following equation [26]: 
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This equation can be reexpressed using the definition of the numerical aperture 

(NA), which is defined as the ratio of the focal length ‘f’’ to the lens diameter ‘DL’ 

[26]. 
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(2.19) 

As it can be seen from Eq.(2.19), focused laser beam parameters are dependent on 

both the optical elements in the optical path and the properties of the incident laser 

beam. The K-factor for a truncated Gaussian beam is expressed as [26]: 

2
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(2.20) 

By varying TR from infinity to 0.5, the K-factor varies from 1.654 up to 2.564. In 

this range, the laser beam profile changes from an Airy disc to a Gaussian profile, 

respectively. The laser spot size can then be defined numerically by the optics of 

the scanning laser microscope, considering the numerical aperture (NA) of the 

optical system, the laser wavelength and the K-factor. Moreover as already men-

tioned, the power loss for a truncated Gaussian beam at the aperture can also be 

determined by the truncation ratio. The power intensity of the laser beam decreas-

es after focusing and the total power loss (PL) can be calculated using the follow-

ing equation [27], [28]: 
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Therefore, the laser profile on the device can be defined theoretically by knowing 

the property of the laser beam and optical elements in the laser path or the applied 

laser power and its power loss in the optical path, and experimentally by using 

high resolution optical beam profiler. 

 

2.2.2.6 Laser Wavelength 

The wavelength of the laser beam is probably the most important parameter for 

the laser based interaction techniques like OBIC measurement. The laser wave-
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length, i.e. the incident photon energy, determines the laser interaction mechanism 

with the material, which can be dominated either by photoelectric or photothermal 

effect. In silicon based semiconductor devices, the laser with the photon energy 

above the silicon bandgap edge (λ < 1100 nm) drives to the so-called interband 

absorption. The interband absorption occurs due to the carrier excitement from the 

valence to the conduction band. This kind of absorption leads to the photoelectric 

effect or PLS (Photoelectric Laser Stimulation). The PLS effect is used in microe-

lectronics to realize a variety of techniques such as OBIC, fault injection [29], 

LADA (Laser Assisted Device Alteration) [30], LIVA (Light Induced Voltage Al-

teration) [9] and latch up sensitivity testing [7]. For laser wavelengths with photon 

energy below the silicon bandgap edge (λ > 1100 nm), free carrier, lattice impuri-

ties, and defects contribute to the absorption mechanisms. The free carrier absorp-

tion leads to the photothermal effect or TLS (Thermal Laser Stimulation) in metal 

and semiconductor. TLS effect is also employed in microelectronics by many dif-

ferent failure analysis techniques such as OBIRCH (Optical Beam Induced Re-

sistance Change) [31], SEI (Seebeck Effect Imaging) and TIVA (Thermally In-

duced Voltage Alteration) [9]. All these techniques use localized heating from the 

laser beam to analyze IC functionality and detect short, resistive and open inter-

connections in the device. Normally, the IR laser wavelength of 1300 nm is used 

for such type of measurements which is compatible for both frontside and back-

side measurements. Finally, under a specific condition by applying the laser with 

the photon energy slightly higher than half of the bandgap, two-photon absorption 

can be observed. This phenomenon is used as an alternative to 1P-OBIC to 

achieve higher resolution beyond the laser wavelength [32]. 

 

Fig. 7: Optical absorption coefficient in the crystalline silicon at 300 K [33]. 
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Crystalline silicon is an indirect semiconductor and the light absorption in it is 

assisted with a phonon. As depicted in figure 7, the absorption coefficient in sili-

con decreases by increasing the wavelength. For example, the optical absorption 

coefficient of the incident light in the crystalline silicon at the wavelength of 1064 

nm is about 10 cm
-1

, while at the wavelength of 532 nm it is about 10197 cm
-1

 , 

which is about 10
3

 times higher [34]. At the wavelength of 1064 nm, silicon is 

almost transparent with the penetration depth of about 1 mm. Therefore, using the 

laser with 1064 nm wavelength, information is not only obtained from the surface 

of the device but from approximately 1 mm thick layer underneath the device sur-

face. Using the confocal laser scanning microscope, the laser beam can be focused 

deep in the device. The Gaussian laser beam has a divergence behavior along the 

z-axis, which leads to an inhomogeneous light intensity distribution along z-axis. 

It means that, the laser intensity at the focal point is the maximum. In this manner, 

focusing at different depths of the device would result in OBIC signal variation. 

OBIC is usually performed on the silicon based semiconductor devices from the 

front side by employing the laser in the wavelength range of 500 up to 900 nm. 

Due to the increasing complexity of modern microelectronic systems, it is almost 

impossible to perform optical interaction techniques like OBIC using a visible 

light source from the front side of the sample. Therefore, the device must be in-

vestigated from the backside where there are no metal layers preventing the laser 

beam from reaching the active layers on the front side (Backside OBIC). Backside 

optical interaction measurement has been well established taking the advantage of 

silicon's transparency to photons with energies less than its indirect bandgap ener-

gy. To realize this technique, the measurement should be performed using an op-

timal laser wavelength. On the one hand, the laser wavelength should be short 

enough to allow generating electron/hole pairs, and on the other hand should be 

long enough to be absorbed as little as possible and penetrate through the silicon 

substrate. To fulfill these requirements, normally a laser with the wavelength of 

1064 nm (1.165 eV) in the IR range is used. This wavelength has the energy 

slightly above the silicon bandgap energy (1.12 eV) and can be used to perform 

OBIC from the polished backside of the IC die. OBIC using the infrared sub-

bandgap can be used also to reveal the defects or contamination deep beneath the 

surface of a device, which was invisible in conventional OBIC due to its short 

penetration depth [35]. 

The compromise to select the appropriate wavelength for performing backside 

OBIC, influences the resolution of the measurement. To overcome this problem 

and improve the spatial resolution of this technique, TOBIC can be applied for 

backside investigation. The photons in this case must have energy less than 

bandgap of the semiconductor, but higher than half of the bandgap. The improved 

spatial resolution of two-photon absorption is due to its quadratic dependence on 

the incident power, which means the cutoff in the optical transfer function of 

TOBIC is twice that of OBIC for the same excitation wavelength. This would re-
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sult in an improvement in the spatial frequency cutoff and therefore the spatial 

resolution by almost a factor of two [36]. 

 

2.2.2.7 Laser Beam Scan Velocity 

The measurements based on the laser stimulation should be fast enough to collect 

the data as quickly as possible. However, the stimulation time should be from an-

other side long enough to deposit sufficient energy at each point. Generally, the 

lower laser beam velocity, i.e. higher dwell time, provides better and clearer im-

age with lower signal to noise ratio. 

To generate the PLS effect in a microelectronic device, the dwell time should be 

high enough to meet its characteristic rise and fall time, unless the result will be 

blurred and unclear. Performing TLS based measurements using higher laser 

wavelength, the heat source induced by the laser beam is directly dependent on 

the scan velocity. Each material shows a critical scan velocity below which the 

temperature variations reach a maximum. If the laser beam scan velocity is higher 

than that, the temperature variation does not reach its maximum and therefore 

maximum spatial distribution would not be achieved [37]. 

 

2.2.2.8 Laser Power Density 

The total power (P) of the laser beam with a Gaussian profile is obtained by inte-

grating the power density over a cross section along the propagation path, which 

is a constant value at each point. The power density of a laser beam is dependent 

on both laser power and laser beam diameter. The total power can be measured 

easily by means of a laser power meter. But the determination of laser beam diam-

eter and therefore the power density needs more complex and accurate equipment, 

e.g. a beam profiler or beam propagation analyzer (M
2
 meter). The maximum la-

ser power density (I0) of a Gaussian laser beam is two times the total power divid-

ed by the illuminated area: 
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The average laser power density can be approximated by half of the maximum 

power density (I0/2). It is obvious that the power density increases by reducing the 

laser beam radius or cross section and therefore is affected by focus level. 
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3 Photovoltaics 

Due to the increased importance given to the environment and climate change 

over the recent decades, shortage of fossil fuel resources and the potential risks 

and radioactive wastes of nuclear power plants, alternative energy resources have 

been attracting the attention of governmental agencies and research institutes in 

energy sectors all over the world. 

Photovoltaic (PV) power generation is an important type of the alternative energy 

technology that has been strengthening among others due to number of ad-

vantages: flexibility, conceptual simplicity, simple implementation, the possibility 

of installing almost everywhere that sun shines and easy maintenance. In addition, 

a PV system makes no sound pollution, does not produce dangerous waste and 

requires no fuel transport to keep it running. Additionally, a large amount of sun-

light is shining on the earth, providing a steady supply of the energy. The incom-

ing solar radiation provides us at zero cost with an approximately 10000 times 

more energy than our today power demand. The major drawback of PV systems is 

their initial cost, which is still higher compared to other non-renewable energy 

resources. However, regarding the increasing efficiency of the solar cells and de-

velopment of production technologies, in the near future, solar energy cost will 

also reach a comparable and acceptable level. 

PV systems have been used and integrated in a variety of applications, which are 

developed and implemented based on regional environmental conditions and de-

mands. In developed countries, the main application of PV systems is the grid 

connected power plant that provides the electricity to the main grid. Another kind 

of PV system is off-grid or standalone power system which is isolated from the 

main electric grid and therefore can be installed in remote areas. The power range 

of such a system can be easily varied from kW to MW by changing the number of 

solar panels. The standalone power plants could be successfully integrated in a 

number of applications, including oil and gas plants, communication stations, 

home and building, military and many others. In addition, PV is employed in 

many other small applications such as street lights, road studs, traffic signals and 

controllers as well as in private households as small panels for personal power 

supply, camping tools, toys and etc. 

The solar cell is the most important and basic element of a PV system. It converts 

the solar energy directly into the usable electrical energy. Solar cells should be 

connected in series or parallel to provide higher energy power (solar module or 

panel). Based on the production technology, solar cells are divided in three major 

categories: silicon wafer conventional, thin-film, and organic solar cells. The sili-
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con wafer based solar cell (mono- and multi-crystalline) technology (the first gen-

eration) is the most prevalent with 80% of the total solar cell production. With the 

lab records efficiency of 25%, it presents the highest efficiency among others. 

This type of solar cell is fabricated on a relatively thick silicon wafer (300 – 400 

µm). Because of the large amount of required silicon and costly process of the 

wafer production, the total price of the silicon wafer based solar cell is relatively 

high. Therefore, the producers attempt to reduce the cost using cheaper and less 

material and also employing less expensive fabrication processes. 

The thin-film solar cell technology (second generation) provides a fascinating 

perspective on the future of the photovoltaic industry due to its reduced cost and 

competitive efficiency as compared to the mono- and multi-crystalline wafer 

based solar cells. The technology of thin-film solar cell and the production process 

are more complicated in comparison to the first generation and therefore more 

attempts have to be made to increase their efficiency and make them competitive 

with the wafer based silicon solar cell.  Major inorganic thin-film technologies are 

the thin-film silicon solar cell based on amorphous Si (a-Si), microcrystalline Si 

(μ-Si), polycrystalline Si (poly-Si), Cu(In,Ga)Se2 (CIGS) and CdTe absorbers. 

Despite the choice of the material, the absorber thickness in such a solar cell is 

less than 10 µm, which is the main reason of reduced production cost. Among 

them, the poly-Si thin-film solar cells based on glass feature the potential to com-

bine the advantages of both silicon wafer technology (i.e. high material quality, 

non-toxicity, high stability and reliability) and silicon thin-film technology (i.e. 

low costs) and additionally can reach higher and more stable efficiency comparing 

to the a-Si:H (hydrogenised amorphous silicon) and μc-Si:H (hydrogenised mi-

crocrystalline silicon) thin-film solar cells [38–41]. Using the technology of the 

poly-Si thin-film solar cell, the photovoltaic energy price can be reduced due to 

the low cost of the material and fabrication by using monolithic module processes 

[41]. 

The organic solar cells achieved the last place in the efficiency when compared to 

the others. They have more specific applications due to their cost effective pro-

duction and flexibility. Although, the technology of this kind of solar cells is on a 

very fast development path and in the near feature will find its unique position. 

 

3.1 Solar Cell  

A single junction solar cell consists of a simple p-n junction, without an external 

electrical bias, that produces electrical power when it is illuminated with a light 

source. The power energy conversion principle in a solar cell relies on the absorp-

tion of solar light by generation of electron/hole pairs for photon energies greater 

than the absorber bandgap (Eg). The optically generated carriers are then thermal-
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ized to the band edges, separated by the electric field in the SCR of the p-n junc-

tion and then collected by ohmic contacts. Ideally, a solar cell is electrically 

equivalent to a current source in parallel with a diode. Under illumination, the 

solar cell produces a photocurrent which is proportional to the light intensity. The 

induced photocurrent is divided between the diode and the external load. For 

higher load resistance more current flows through the diode, resulting in a higher 

potential difference over terminals but lower photocurrent. In this way, the diode 

provides a photovoltage. 

In a solar cell under optical (illumination) and electrical (applied voltage bias) 

stimulations, two currents flow in the opposite direction through the device: the 

photocurrent and the dark or recombination current. The dark current characteris-

tic is discussed in chapter 3.2.1. Here, we discuss just the optically induced cur-

rent or the photocurrent in the p-n junction device under illumination. Assuming a 

step function defined for the absorptance in an ideal absorber, the absorptance is 

one for photon energy, E, greater than Eg and zero for energies less than Eg. When 

the circuit operates under short circuit condition (applied voltage is zero), the pho-

tocurrent density is equal to the short circuit current density which is defined as 

[42]: 






gE

SC dEEEQEqJ )()(  
(3.1) 

where Φ and QE are the photon flux and the cell’s quantum efficiency, respective-

ly. The Quantum efficiency is the probability that an incident photon with the en-

ergy E delivers one electron to the external circuit. The quantum efficiency is de-

pendent on the absorption coefficient in the absorber material, the efficiency of 

charge separation and charge collection in the device. According to Eq.(3.1), the 

short circuit current density is proportional to the photon flux. Additionally, it is 

also affected by some different material properties, such as the carrier mobility, 

carrier lifetime and absorption coefficient. In the following, we define the photo-

current density under illumination by a monochromatic light with low optical ab-

sorption in the absorber layer of the solar cell. This can provide us a better under-

standing of the IR-LBIC results presented in the next chapters. 

The photocurrent density JPh consists of two components: a diffusion current den-

sity Jdiff and a drift current density Jdrift. The diffusion current density Jdiff is gener-

ated due to optically generated minority carriers in the flat-band region which 

diffuse to the space charge region (SCR) edge and are then swept to contacts by 

the electric field in the SCR, and the drift current density Jdrift is generated due to 

photogenerated electron/hole pairs in the SCR which are separated by the electric 

field [43]. In the following, we just consider the absorption in the (p-doped) ab-

sorber layer of the solar cell. For very low minority carrier diffusion length (Ln), 
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the drift current is the dominant component, which is dependent on the SCR width 

and therefore according to Eq.(2.2) on the magnitude of the applied voltage bias. 

However, for large diffusion lengths the diffusion current from the bulk is domi-

nant, which is independent from the applied voltage bias [44]. If the solar cell is 

illuminated with a monochromatic light, assuming collection of minority carriers 

by the SCR layer and a sufficiently thick sample (d >> Ln; d is absorber layer 

thickness) the diffusion current density is given by [43]: 
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where WSCR, TOpt, Φ0, α are SCR width, optical transmission, incident photon flux 

at the surface and absorption coefficient for the incident light, respectively. As-

suming a rate-limiting generation process due to the rapidly swept carriers in the 

SCR, the drift current density can be written as [43]: 

)1()( 0
SCRW

OptSCRdrift eqTWJ


  (3.3) 

The total photocurrent density (JPh) is the sum of the diffusion and drift current 

densities and can be expressed as [43]: 
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Another important parameter of a solar cell is the so called open circuit voltage. 

As already mentioned, the total current flowing through a solar cell under electri-

cal and optical excitation can be approximated as sum of the dark current and 

short circuit current (superposition principle). The superposition principle is valid 

for many kinds of solar cells, when the SCR contribution and therefore the drift 

current is negligible and also the series resistance under illumination and dark 

conditions are the same. In the case of thin-film solar cell, this approximation is 

not always valid. When the circuit operates under open circuit condition (external 

total current is zero), the open circuit voltage (VOC) can be expressed as [45]: 
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nid and JS are the ideality factor and the diode saturation current density in dark, 

respectively. The open circuit voltage is a logarithmic function of the short circuit 

current density (JSC) and therefore the photon flux. The open circuit voltage is 

mainly limited by amount of the recombination in the device. 
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3.2 Characterization Techniques for Thin-Film Solar Cells 

Current PV technology has been developed so well that solar cell producers guar-

antee the reliable operation of their high efficiency solar systems for over 25 

years. However, to compete with other types of the green energy resources, further 

development and research are still needed to improve efficiency and reliability by 

developing alternative materials and new processing techniques and adapting 

them to suit the industrial requirements of the photovoltaics. The characterization 

of the solar cell performance in terms of materials and electrical device parame-

ters is the key point for understanding the device operation and essential for fur-

ther improvement of the solar cell efficiency. 

The main focus of this study is the polycrystalline silicon (poly-Si) thin-film solar 

cells produced by different technologies. The poly-Si thin-film solar cells on the 

cheap substrate, e.g. glass, metal and polymer, are promising candidates for future 

low-cost photovoltaic devices [37]. However, significant progresses are still re-

quired to improve the conversion efficiency of these devices, which are to a large 

extent limited by microscopic defects in deep micro- or nanoscale (e.g. at grain 

boundaries). The literature presents many specific works and approaches to ana-

lyze and investigate wafer based solar cell’s characteristics, but still more effort is 

needed to investigate the crucial issues, influencing the thin-film solar cell effi-

ciency, such as light trapping effect, material properties like diffusion length, ef-

fect of the grain boundary on the solar cell performance, and also evaluation of 

processing steps like metallization and etching. In addition, the technology of 

thin-film solar cells is much more complex than for bulk technologies, so more 

information on the functionality of the solar cell is required. For this purpose, the 

thin-film characterization needs to adopt the methods well-developed in conven-

tional crystalline solar cells to the thin-film technology and additionally requires 

new and innovative techniques. Therefore, in order to gain deeper understanding 

of the mechanisms dominating the losses in thin-film solar cells and analysis of 

their performance, microscopic methods like Light Beam Induced Current (LBIC) 

and electroluminescence (EL) are needed. 

This chapter discusses some well-established device characterization and failure 

analysis methods, which are based on the solar cell response either to an electrical 

or an optical excitation. Some characterization techniques such as dark current-

voltage (I-V), light I-V, Electroluminescence in forward (EL) and reverse bias 

(ReBEL) and LBIC measurements under optimal conditions for PV are discussed. 

The AFM (Atomic Force Microscopy) capability is also argued as a tool for 

providing information about the geometrical structure and topology of the device 

surface. Finally, the requirements for device modification are discussed as an es-

sential tool not only for the cross-sectioning but also to fulfill the demands for 
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analysis of specific device properties or to access some special characteristics and 

aspects. 

3.2.1 Dark I-V 

By performing dark I-V measurement, the current flowing through the solar cell is 

measured as a function of the applied voltage. The results can be further evaluated 

to obtain information about some electrical parameters of the p-n junction such as 

ideality factor, series and shunt resistance. Despite the simplicity of this measure-

ment, often it is not easy to interpret the results and identify the mechanism of the 

current flow in a solar cell. Nevertheless, this simple measurement can be per-

formed before applying any characterization technique on the solar cell to ensure 

the functionality of the solar cell and provide supplementary information on the 

measurement strategy. 

The current mechanisms in a junction device can be divided into several catego-

ries, including minority carrier injection, Fowler-Nordheim tunneling, thermionic 

emission, Poole-Frenkel, trap-assisted tunneling and space charge limited (SCL) 

[46]. Among them, just the SCL shows a non-rectifying behavior while the rest 

show rectifying characteristics. Identifying the dominating mechanism from just 

the dark I-V is not an easy task, but efforts have been made to come close to this 

aim with the help of additional temperature dependent I-V measurement. Using 

the results of these two types of I-V measurements, we can make a closer look to 

identify the current flow mechanism in the p-n junction device. In the following, 

some of these mechanisms which can play a role in a p-n junction device are dis-

cussed and finally the temperature dependent I-V measurement is addressed. 

 

3.2.1.1 Minority Carrier Injection 

In the Shockley ideal case, the dark current (Id) of a p-n junction device can be 

written as [1]: 
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(3.6) 

where IS is the diode saturation current. In real devices, there are some deviations 

from this ideal equation. First of all, in the real device the effect of the shunt and 

series resistance of the device cannot be ignored, therefore, the current should be 

modified as sum of two currents: the dark current from the p-n junction and shunt 

current (ISH) [1]. 
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Where GP = 1/RSH is the parallel conductance, RSH is the shunt resistance and RS is 

the series resistance. Another deviation from the ideal model concerns the dark 

current. The dark current in a real p-n junction device biased in the forward direc-

tion is sum of the diffusion current due to the recombination of electron and holes 

in the neutral n- and p-region, plus the recombination current due to the recombi-

nation of electron/holes pairs in the space charge region (SCR) [1]. The total dark 

current is written as [1]: 

cpdiffndiffd IIII Re,,   (3.8) 

where the diffusion current for the electrons, Idiff,n, and holes, Idiff,p, can be written 

as [1]: 
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(3.9) 

where Dn and DP are the diffusion coefficients for electron and holes, respectively. 

Aj is the junction area. Ln, LP is the electron and hole diffusion length, respective-

ly. Typically, in Si based thin-film solar cells, the dominant recombination is not 

radiative, and thus does not scale directly with the np product. The typical recom-

bination process in Si thin-film solar cell is Shockley-Read-Hall (SRH) recombi-

nation via defects in the bandgap [45]. Assuming the defects in the middle of the 

bandgap, the recombination current (IRec) can be expressed as [1]: 
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(3.10) 

where τ is the minority carrier lifetime. 

The temperature dependence of a p-n junction saturation current in a simple case 

of volume recombination at temperatures below 100 °C is given by the intrinsic 

carrier concentration, ni, which is expressed as [1]: 
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where NC and NV is effective density of states in the conduction and in the valence 

band, respectively [1]. The result of the temperature dependent I-V measurement 

is used to determine the activation energy. Considering the bandgap energy of the 

monocrystalline silicon in the range of 1.1 to 1.2 eV, activation energy in the 

range of 0.5 up to 0.6 eV at this temperature range has to be assumed. 

The recombination mechanism can be discussed with the help of a so called ide-

ality factor (nid). The ideality factor can be derived from the slope of the dark I-V, 

Suns-VOC and occasionally the light I-V curve and is a parameter for examining 

the recombination process in a p-n junction device. For the applied voltage greater 

than 50-100 mV and by ignoring the series and shunt resistor effects, the I-V 

equation of a p-n junction device can be reexpressed as [45]: 
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(3.12) 

When plotting the natural log of the current against the voltage, the slope gives 

q/nidkT and the intercept with the y-axis gives ln(IS). In real cells the ideality fac-

tor depends on the voltage across the cell. The ideality factor can either be plotted 

as a function of the voltage or it can be given as a single value. Since the ideality 

factor varies with the voltage, if given as a single value the voltage range should 

also be defined. In semiconductors, the relationship between the flow of electrical 

current and the electrostatic potential across a p-n junction depends on a charac-

teristic voltage called the thermal voltage, denoted VT. The thermal voltage de-

pends on absolute temperature T and is defined as kT/q. The value of the thermal 

voltage is approximately 25.85 mV for silicon at room temperature (300 K) [1]. 

Then the slope of the I-V curve can be written as: 
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The ideality factor in a solar cell can be extracted from the semi-logarithmic plot 

of the I-V curve based on the two diode model, where the ideality factor is be-

tween one and two. The two diode model equation has the form of [45]: 
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where IS1 and IS2 is the saturation and generation currents, respectively. The first 

one is material constant independent from the voltage and the later one is voltage 

dependent parameter. Here it is assumed that there are no series and shunt resistor 

effects. Theoretically, for a p-n junction diode at the middle voltage range (0.2 -

0.4V) the ideality factor is equal to one (nid1 = 1), indicating defect recombination 

(SRH) in the volume or the surface of the absorber away from the SCR and in the 

lower voltage range the ideality factor is equal to two (nid2 = 2), indicating the 

recombination in the SCR. However, experimentally the ideality factor of a good 

p-n junction diode at the lower voltage range is smaller than two. Because theoret-

ically in SCR a constant recombination rate (equal to the maximum) is considered 

to calculate the recombination current, however, the recombination rate is not 

constant that results in a smaller value for the ideality factor between 1 and 2 [2].  

There are several practical problems to calculate the ideality factor from the dark 

I-V measurement. The ideality factor comes from the differential of a signal so it 

is very sensitive to the noise. The effect of temperature variation is also a problem 

especially if the temperature changes during the measurement. In addition, in the 

real case the series and shunt resistors can not be ignored. Therefore, the external 

voltage at the solar cell contacts is larger than the internal voltage that scales with 

series resistance linearly. The series resistance may originate from the finite con-

ductivity of the absorber layer or from the front and back contacts. Consequently, 

for higher voltage the current is lower than the ideal case based on two diode 

model. The shunt resistance affects the I-V curve at the lower voltage, where the 

current increases in the case of low shunt resistance compared to the characteristic 

without shunt resistor. In the higher voltage range, the differential conductivity of 

the diode itself increases exponentially, while the shunt stays constant. Therefore, 

the shunt effect in the higher voltage disappears and is invisible in the linear plot 

of the I-V curve and thus has no effect on the ideality factor. 

It should be mentioned that the type of the recombination process cannot be easily 

defined by the ideality factor. Different recombination processes can result in the 

same ideality factor. For example, the ideality factor is equal to one for both the 

radiative recombination and recombination via defects (SRH) in the neutral bulk 

as long as the low injection condition is valid. In the p-type substrate in the dark-

ness and the weak injection regime (n < p) the recombination rate, assuming re-

combination via defect centers, is proportional to the minority carrier concentra-

tion (n). Since the whole internal voltage is now used to increase the minority 

carrier concentration, then [45]: 
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That means the ideality factor is equal to one, although there is no radiative re-

combination. 

In the thin-film solar cell often the ideality factor greater than two is obtained. 

This deviation in the ideality factor from expected range (1 - 2) is due to either 

unusual recombination mechanisms in the device or a change in the recombination 

rate magnitude. The explanation of ideality factor higher than two is not possible 

by recombination via a single recombination center (SRH) but it should be dis-

cussed by different mechanisms, e.g. Poole-Frenkel effect, trap-assisted tunneling 

and SCL effect. A multiple step recombination process via a series of trap states 

distributed in the space and energy could also explain such a large ideality factor 

for a recombination process in the SCR [47]. One another important parameter is 

the shunt leakage current, which is a dominant factor at low voltage range and can 

results in extracted ideality factor greater than two. In the following, these mecha-

nisms and their effects on the ideality factor are briefly discussed. 

 

3.2.1.2 Poole-Frenkel Effect 

The Poole-Frenkel current (IP-F) is a recombination current assisted by an electric 

field, which resulted due to the lowering of the potential barrier of traps under 

high electric field and is proportional to [48]: 
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(3.16) 

where Eel is the electric field at the recombination center and β = q/πε (ε is the 

dielectric constant). This current can lead to ideality factors higher than two. An-

other effect regarding to the ideality factors is that the trap barrier lowering de-

creases with the applied forward bias and therefore the ideality factor can increase 

with the voltage [48]. 
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3.2.1.3 Trap Assisted Tunneling Current 

The trap assisted tunneling current (IT) is very probable in solar cells with highly 

doped emitter and defective absorber layer. Tunneling is a process in which the 

recombination rate is dependent on the local electrical field and therefore the ap-

plied voltage [45]. This current can be modeled using the analytical formula given 

by [48]: 

     )(expexpexp 21 TEVCWCI gSCRT   (3.17) 

where C1 and C2 are a function of the doping properties of the junction. This cur-

rent can also lead to the ideality factors greater than two. At ambient temperature 

IT and IP-F show identical behavior, but temperature dependent I-V results can help 

to distinguish them. If the trap assisted tunneling current prevails, the temperature 

dependence is lower than for the recombination and the exponential factor C2 is 

fairly constant versus temperature [45]. 

 

3.2.1.4 Shunt Leakage Current 

The shunt current is defined as an excess dark current at low voltage which de-

clines the Fill Factor (FF) and efficiency (η) of the solar cell. In this case, plotting 

the ideality factor versus voltage results in a curve with a peak at lower voltage, 

which is an indication of the influence of the shunt current. Normally, the shunt 

current is considered in terms of electrical characteristics as an ohmic resistance 

and is shown in the equivalent circuit as a parallel resistor (RSH). However, in 

some devices such as thin-film solar cells, shunt leakage current can show nonlin-

ear I-V characteristic and thus cannot be anymore model easily like a parallel re-

sistor [46]. Failure to account for this nonlinear shunt current can lead to incorrect 

parameter extraction from the dark I-V measurement and extracted ideality factor 

larger than two. 

The shunt and diode currents exhibit different temperature dependence, so that the 

first one increases by a relatively small factor over a large temperature range. In 

contrast, the diode current increases significantly faster. The exponential tempera-

ture dependence of the diode current is consistent with the p-n junction dominat-

ing active transport mechanism in an ideal solar cell structure and its activation 

energy is determined by the transport phenomena and material properties of the 

cell type. 

The physical origin of the shunt path is strongly dependent on the solar cell type 

and can be attributed to different physical effects such as lateral drift currents, 

distributed non-uniformities across the surface, microscopic pinholes formed in 
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the active layer during deposition and diffusion of Al particles from TCO (Trans-

parent Conductive Oxide) or metal contact into the n-doped emitter layer. It is also 

possible that the shunt current is induced due to the metal residues. This effect can 

result to either Space Charge Limited (SCL) current or schottky path with nonlin-

ear behavior. These localized shunts arise primarily in the thin-film solar cell be-

cause in this technology, thin films of material (100 nm) are deposited over large 

areas using low temperature processes. Any small variation in the substrate sur-

face such as dust particles or any other small localized materials property fluctua-

tion can create possible shunt paths at those locations. Despite the similarities in 

electrical characteristics, the exact nature of the shunt path responsible for an SCL 

current is quite different depending on the technology, cell structure and the mate-

rial [46]. If the shunt current is due to the SCL current, three requirements should 

be fulfilled: symmetry around the applied voltage of 0 V, power lay voltage de-

pendence of the current and low temperature dependence compared to the dark 

current (Id) one. In the following, these conditions will be discussed in more de-

tails. The symmetry of the shunt current around V = 0 is fulfilled when Ish(V) ~ - 

Ish(-V). Therefore, plotting the absolute value of the dark I-V data, i.e. |I| versus 

|V|, shows the overlap between the forward and reverse currents in the low voltage 

range. We can utilize this symmetry, by removing the shunt component of the 

forward current (cleaning process). The measured forward current is sum of the 

exponential ideal diode and the shunt leakage currents. Additionally, in the case of 

non-ohmic shunt, the reverse current has a power-law voltage dependence Ish α 

|V|
ν
, with power exponent ν = 1.5 – 2.5 for thin-film solar cells. In order to deter-

mine the real exponential diode current, the shunt current should be subtracted 

from the measured diode current. This can be realized easily using the symmetry 

of the shunt current by subtracting the absolute value of the reverse current from 

the forward current [46]. 

 

3.2.1.5 Series Resistance 

At high forward voltage range, the series resistance (RS) dominates the I-V charac-

teristic of the p-n junction. The current roll-off at high voltage biases is deter-

mined by a series resistance, which affects the ideality factor and increases it to 

the value higher than two. The series resistance is sum of the grid resistance, bulk 

resistance, sheet resistance of the top layer and back contact resistances [45], [48]. 

The series resistance of thin-film solar cells mainly is dominated by the front met-

al grid and the emitter layer [48].  

The variation of the series resistance versus temperature could be explained by the 

temperature sensitivity of the different layers of the solar cell. The resistivity of 

the absorber layer varies exponentially with the temperature. The emitter is de-

generated and the variation of its resistivity should show the same quasi linear 
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dependence versus temperature like the metal contacts. The ohmic contact as a 

Schottky junction with effective tunnel probability shows a resistivity decrease 

when temperature increases [48]. Therefore, the temperature dependent I-V char-

acteristics can be used to investigate the origin of the series resistance in a p-n 

junction solar cell. 

 

3.2.2 Illuminated I-V 

The light or illuminated I-V measurement is a technique to extract the fundamen-

tal solar cell parameters including: open circuit voltage (VOC), short circuit current 

(ISC), Fill Factor (FF), maximum power point (MPP), and efficiency (η). It also 

provides information about the losses due to internal resistance such as series and 

shunt resistors. A typical illuminated I-V curve of a solar cell is illustrated in fig-

ure 8.  

 

Fig. 8: A typical illuminated I-V curve of a solar cell [2]. 

Short circuit current flows with zero external resistance (V = 0). Open circuit volt-

age is the potential across the terminal of the solar cell under open circuit voltage 

(I = 0). The maximum power (PMAX) delivers to the load at the maximum power 

point (MPP). Fill factor (FF) is defined as the ratio of the PMAX to the area of the 

rectangle formed by VOC and ISC, which can easily be extracted from the illumi-

nated I-V curve [45]: 
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The conversion efficiency of the solar cell can also be determined based on the 

results of the I-V curve. The efficiency is the ratio of the maximum delivered elec-

trical power to the incident optical power (Pin) [45]: 
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(3.18) 

Some other important parameters of the solar cell such as series and parallel re-

sistance can also be extracted from the illuminated I-V curve. The slope of the 

illuminated I-V curve in the vicinity of open circuit condition indicates the value 

of parallel resistance. The slope of the I-V curve in the vicinity of short circuit 

condition results in the series resistance [45]. 

The standard illuminated I-V measurement is performed using sun simulators un-

der the following conditions: Air mass 1.5 spectrums (AM1.5) for terrestrial and 

non-concentrating solar cells, the light intensity of 100 mW/cm
2
 and temperature 

of 25 °C. The voltage and current are measured separately from the power source 

while the lamp (xenon arc or halogen lamp or combination of both) is illumining 

at a constant temperature and spectrum on the device. The illuminated I-V curve 

can be traced by altering a variable load resistor connected in parallel with the 

solar cell while simultaneously the voltage and current at the device terminals are 

recording. However, the most common method uses a variable voltage source 

with capability of sinking current. In this method, ISC and VOC are usually meas-

ured separately from the rest of the curve. In most cases, the dark and illuminated 

I-V measurements are equivalent. In this case, the photocurrent can be defined as 

a difference between these two curves, dark and illuminated I-V curves [45]. 

The use of dark I-V data in the solar cell analysis relies on the superposition prin-

ciple. The superposition principle means that the illuminated I-V curve is the dark 

I-V curve shifted by the short circuit current and therefore the photocurrent is 

voltage independent. This is true for most solar cells but it is not always the case, 

especially in the thin-film solar cells. There are several problems which cause the 

deviation from superposition principle and a photocurrent which is voltage de-

pendent. The first is that in dark I-V measurements the current is flowing in the 

opposite direction in comparison to the light I-V measurements and therefore cur-

rent paths are different. The change in the current path causes a lower series re-

sistance in the dark I-V measurements compared to the light one. The superposi-

tion is not also valid in the p-i-n structure or p-n junction solar cell with very low 

minority carrier diffusion length relative to the absorber thickness. In this case, the 

photocurrent is dominant by a drift current and therefore the photocurrent is 

strongly voltage dependent [45]. 
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3.2.3 Electroluminescence in Forward Bias (EL) 

The electroluminescence (EL) measurement is performed on a solar cell by invert-

ing its normal operation which is absorption and carrier collection. Therefore, all 

important physical processes that influence the solar cell performance are in a 

complementary manner reflected in the EL. In EL, excess charge carriers are in-

jected electrically by biasing the p-n junction in the forward direction, then are 

recombined and their electrical energy is converted into the light that is then col-

lected by a detector. Therefore, in the EL process the radiative excitation system 

and the light generation mechanism define the process property, while the non-

radiative recombination affects indirectly the EL activity. In radiative transition, a 

photon is emitted as a result of the transition of an electron from upper to a lower 

energy level, which can be an intrinsic band or an impurity level. Indirect bandgap 

materials like silicon require a phonon to complete their emission or absorption 

transition and since it is a multistep process, its probability is lower than for direct 

recombination. However, because the phonon assisted emission can shift the 

band-band spectrum to the lower energy, therefore, it may be more readily trans-

mitted by the material due to its reduced absorption at the energy lower than the 

bandgap energy [49]. 

The EL signal contains information about the internal quantum efficiency, resis-

tive property and the optical losses in the solar cell. The total radiative recombina-

tion rate in a semiconductor is proportional to the electrons and holes concentra-

tion by a factor called the probability of radiative recombination. This factor is a 

temperature dependent material constant and in an indirect semiconductor like 

silicon is relatively low [49]. The thin-film solar cell comprises a very thin emitter 

layer. Therefore, the EL signal is emitted mainly from the absorber layer of the 

thin-film solar cell and contribution of other layers in the EL signal, e.g. emitter 

layer, can be ignored. Considering a uniform bandgap p-doped absorber layer, the 

EL signal intensity versus the applied voltage can be expressed as [50]: 
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where P0 is the hole concentration in the neutral bulk, d is the film thickness, VBL 

is the voltage drop across any secondary diodes, and n is the minority carrier con-

centration (electron). C’ is a constant which includes the probability for radiative 

recombination. Replacing the depth dependent electron concentration (n) in 

Eq.(3.19) gives [50]: 
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where L is the minority carrier diffusion length in the neutral bulk and   is a pa-

rameter which is dependent on the minority carrier diffusion length, film thick-

ness, back surface recombination velocity, diffusion constant, and space charge 

region width. Eq.(3.20) shows that the EL signal intensity at a certain applied 

voltage depends on both the space charge region (SCR) width and minority carrier 

diffusion length in the bulk. 

 

3.2.4 Electroluminescence in Reverse Bias (ReBEL) 

Electroluminescence measurement in the reverse bias (ReBEL in PV) is based on 

the intraband relaxation of carriers which picked up a lot of kinetic energy in the 

electrical field. They relax by scattering at lattice disorders like phonons, crystal 

defects and charged Coulomb centers, accompanying by light emission and even-

tual recombination process [6]. Due to the scattering, the ReBEL measurement 

can result in a light emission with a broad spectral distribution from the near infra-

red (NIR) to the visible region. The spatial resolution of ReBEL is better than LIT 

(Lock-in Thermography) [51] and EL, since there is no blurring caused by lateral 

thermal or carrier diffusion. The ohmic shunts cannot be seen in the ReBEL imag-

ing, since there is no sufficiently high electric field in this case. But the non-ohmic 

shunts may become visible if they be governed by electric field assisted mecha-

nism. ReBEL is specially attractive as an informative method to predict the solar 

cell behavior in the reverse bias, such as pre-breakdown conditions, which can 

affect the solar cell module efficiency and its reliability due to so called shading 

effects [52]. By shading effect, a shadow falls across a solar cell module and caus-

es solar cells lying in the shadow to be driven into the reverse bias condition. This 

could lead to the breakdown of the p-n junction and eventually to hot spot for-

mation, which can destroy the solar cell module. Therefore, it is essential to un-

derstand the mechanism which may cause the p-n junction breakdown in solar 

cells. 

As already mentioned, ReBEL signal can be related to the electrical breakdown in 

a p-n junction. The breakdown of a p-n junction in silicon is usually characterized 

by microplasma current that is often accompanied by light emission. Two main 

breakdown mechanisms in silicon are distinguished: avalanche breakdown (AB) 

and internal field emission (IFE) [46]. The AB is a current multiplication process 

that can result in a high reverse current. This current is due to the high electric 

field that accelerates electrons. The accelerated electrons interact with the lattice 

vibrations of the crystal and result in a frictional force against the acceleration. If 

the electric field is strong enough, free electrons may raise valence band electrons 

to the conduction band. By continuing this process the number of free electrons 

increases exponentially in the conduction band. Consequently, the I-V characteris-

tic shows a sudden increase. In the AB case and when no impurity scattering is 
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involved, the temperature coefficient (TC) of the breakdown current is negative 

[46]. 

IFE occurs when the electronic band is tilted, which allows electrons to jump 

across the bandgap (quantum mechanical tunneling). The bandgap of a semicon-

ductor decreases slightly with increasing the temperature. Therefore, the charge 

carriers require less energy at higher temperature to cross the bandgap. In addi-

tion, the phonon density and consequently the transition probability increase with 

temperature, which results in a lower breakdown voltage. Therefore, in contrast to 

AB, the IFE shows a positive TC of the breakdown current, indicating a larger 

current flow at higher temperatures. Electronic states within the forbidden gap 

may considerably increase the probability for electrons to tunnel through the junc-

tion, resulting in an IFE at much lower voltages and in a soft increase of I-V char-

acteristic. The emission of visible light is essentially affected by impurity atoms 

[46]. 

 

3.2.5 Light Beam Induced Current (LBIC) 

Most electrical and optical characterization techniques in PV describe the whole 

cell properties and provide an average value (global) for the extracted parameter. 

Therefore, they mask some important local features of the investigated device. 

However, there are some electron and optical-beam techniques to probe local re-

gions of the solar cell, but LBIC (Light Beam Induced Current) is the one that 

probes the actual solar cell response. The principle of the OBIC measurement in 

microelectronics was discussed in details in chapter 2.2.2. This measurement 

(OBIC) is called LBIC in PV. Similar to OBIC in microelectronics, by performing 

LBIC on a solar cell a laser beam is scanned over the solar cell and the photocur-

rent induced by the laser beam is monitored. The variations in the current collec-

tion are correlated with the position of the laser beam leading to a current map 

(LBIC map) [53]. 

A scanned light spot was first used in 1951 to determine the minority carrier life-

time from spatial variation in the photocurrent. In 1970, the laser beam was used 

to measure the photocurrent variation in multicrystalline solar cells and in the 

same time by employing a two-dimensional laser scanner, it was used to map de-

fects in the thin-film solar cells. Further improvements of the two-dimensional 

laser scanners were achieved by reducing the laser spot size and also the use of the 

modern high-performance computer system to process and store the produced data 

[53]. However, a quantitative measurement can hardly be performed using a two-

mirror scanner. Because it is not an easy task to align and maintain a highly fo-

cused spot on the device when it is moving. As already discussed in the OBIC 

section, the LBIC can also be based on two other setups except for the two-mirror 
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scanner (moving cell, moving both laser source and cell). As an alternative, the 

setup based on the moving cell, either with translation stages or piezoelectric ras-

tering, is also widely used in PV. Modern stepper motors used in the translation 

stage based setup can position and reposition a solar cell area with an uncertainty 

much less than 1 µm [53]. 

The LBIC result is used for profiling the solar cell performance, e.g. caused by 

minority carrier diffusion length variations. Since typical LBIC is performed un-

der short circuit conditions, the dark I–V characteristics of the sample do not in-

fluence the result. LBIC measurements have been also widely used to investigate 

a variety of important solar cell parameters, such as the minority carrier diffusion 

length [54]. However, this technique is well established only for conventional 

wafer-based solar cells. For an application on thin-film solar cells, an adaptation is 

needed which considers the specific requirements of the thin-film technology. 

Recently some applications on the thin-film solar cell based on variation in elec-

trical bias, light intensity, wavelength, spot size, phase or temperature have been 

reported [53]. 

 

3.2.6 Atomic Force Microscopy (AFM) 

AFM (Atomic Force Microscopy) is the most common form of SPM (Scanning 

Probe Microscopy) known as a surface characterization technique which uses the 

force between the tip and the surface to generate the topography image. The initial 

pioneering research about the AFM was done by Young in 1972, and the first 

modern AFM tool was presented in 1981 [55]. In AFM, an ultra-sharp tip is 

mounted on a very small cantilever and is positioned very close to the sample sur-

face using piezo-electrical actuators. The tip is a few 100 μm long and a few tens 

of micrometers wide. In the simplest operation mode, the probe scanned over the 

surface and the deflection of the cantilever is measured by monitoring the devia-

tion of a laser beam reflected from the cantilever using a 4-sector photodetector. 

The deflection of the cantilever is directly proportional to the force on the cantile-

ver. 

The AFM measurement can be performed in three different modes: contact, in-

termittent contact (tapping mode) and non-contact mode. In the first mode, the tip 

is in contact with the sample surface while its deflection is measured and main-

tained. In the tapping mode, a small piezo-electric element is used to vibrate the 

cantilever at its resonant frequency. As the AFM tip approaches the sample sur-

face, the interaction between the tip and sample leads to a force gradient which 

changes the cantilever resonant frequency, which results in the decrease of the 

cantilever’s amplitude vibration. In this mode, the tip contacts with the surface at 

the bottom of each oscillation, resulting in a damping of the cantilever oscillation 
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amplitude. The vibration amplitude is dependent on the tip-sample distance, and 

hence with appropriate calibration may be used to measure the sample surface 

topography. In this case, the feedback circuit maintains constant cantilever vibra-

tion amplitude rather than a constant cantilever deflection. Since the probe only 

contacts the sample shortly, lateral friction forces between the tip and the sample 

and therefore sample damage are minimized. A typical AFM setup is illustrated in 

figure 9. 

 

Fig. 9: Standard AFM setup, scanning by the sample configuration, X-Y-Z tube on the bottom 

[53]. 

The AFM has many applications in the PV including topographic imaging and 

also electrical characterization by employing the AFM tip to measure other local 

forces. In the first application, AFM provides atomic or near-atomic-resolution 

surface topography, which is ideal for determining angstrom-scale surface rough-

ness on a sample. The AFM provides real three-dimensional images which allow 

us to perform quantitative analysis of some important properties of thin-film solar 

cells such as determination of angle between features and roughness of the sample 

surface [53]. 
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3.2.7 Device Edit 

Microsurgery of solar cells at the nanoscale can be provided with FIB (Focus Ion 

Beam) processes of specifically designed machine, availing of IC experience in 

removing material at a distance of a few nanometers to active structures remaining 

fully functional or make a cross sectioning at the interesting location for further 

investigation [56]. 

In response to an increasing process complexity, the more detailed the analysis 

techniques become, an in-depth understanding of the device structure and its op-

eration in analysis condition is increasingly important to proceed with quantitative 

evaluations and correlate the results to the respective device parameters. For that 

purpose, device and process simulation, expanded to a 2D or 3D approach, will be 

required to include the conditions and interactions of the applied analysis tech-

niques. Examples from ICs analysis with simulation support underline how im-

portant it is to proceed into this direction [56]. 
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4 Samples 

In this study, three different kinds of Si based thin-film solar cells were investigat-

ed by applying different measurement techniques, introduced in the section 3.2, to 

provide more insight into their performance. The main focus point of the study 

was the poly-Si thin-film solar cell based on the seed layer grown using the 

ALILE (Aluminum Induced Exchange Layer) process (ALILE TF solar cell). Be-

sides, an identically processed solar cell on a (100)-oriented monocrystalline sili-

con substrate was used as a reference sample providing the similar geometrical 

structure (c-Si TF solar cell). We investigated also another kind of poly-Si thin-

film solar cell with the seed layer formed with electron beam crystallization pro-

cess, which is at the moment a more common technique in the thin-film technolo-

gy (e-beam TF solar cell). In the following, we present briefly the structure and 

the production process of these samples. The electrical characteristics of these 

samples are presented in table 10. 

 

4.1 Polycrystalline Si Thin-Film Solar Cell Based on ALILE Process 

(ALILE TF solar cell) 

The production steps of the polycrystalline silicon thin-film solar cell based on 

aluminum-induced layer exchange (ALILE) process, which was the main device 

investigated in this study, is schematically depicted in figure 10. 

 

Fig. 10: The production process of the ALILE TF solar cell on the glass substrate [57]. 
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These kind of thin-film solar cells are formed on an industrial glass substrate 

(Schott Borofloat
®

 33). The fabrication of the ALILE solar cells starts with the 

formation of a thin (~200 nm) large-grained poly-Si seed layer on glass using the 

aluminum-induced layer exchange (ALILE) process [38]. This highly p-doped 

seed layer acts also as back surface field (BSF) layer. Subsequently the highly 

doped poly-Si seed layer (p
+
-type) is thickened epitaxially by high-rate e-beam 

evaporation [38]. The absorber layer was doped by the co-evaporation of boron 

from a high temperature effusion cell (600 °C). The thickness of the epitaxially 

grown p-type poly-Si absorber layer is about 2 µm. Then, a plasma hydrogenation 

step is applied to passivate defects [58]. A p-n heterojunction is formed by the 

deposition of a thin (~10 nm) n
+
-type a-Si:H emitter layer using a plasma en-

hanced chemical vapor deposition (PECVD) and finally the a-Si:H emitter layer is 

covered by a thin layer (~80 nm) of TCO (Transparent Conductive Oxide) materi-

al to improve the lateral current transport. In the investigated solar cell, alumi-

num-doped zinc oxide (ZnO:Al) has been used as TCO. 

 

Fig. 11: Schematic structure of the ALILE TF solar cell (cross section) [57]. 

The total area of the solar cell is defined by photolithography and subsequent me-

sa etching. During the wet chemical mesa etching process, the ZnO:Al layer 

(TCO), the n
+
-type a-Si:H emitter and part of the p-type poly-Si absorber layer are 

removed. Due to the high etching rate the ZnO:Al layer is etched off partly below 

the photoresist (undercut of the photoresist). This can be seen in figure 11, which 

shows a schematic cross section of the final cell.  Part of the emitter layer, which 

is coloured in orange, is not covered with the TCO layer. Additionally, a roughen-

ing of the poly-Si mesa edge is observed. The effect of the etching process on the 

results of the EL measurement and performance of the solar cells are discussed in 

chapter 7.3.1.1. Finally, the aluminium (Al) interdigitated front (emitter) and rear 
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(absorber) contacts are deposited. The cross section of the final ALILE TF solar 

cell is schematically shown in figure 11. 

Figure 12 shows an optical micrograph of the ALILE TF solar cell surface taken 

with the PHEMOS 1000 in the reflection mode. The size of the investigated solar 

cell is approximately 4 mm×4 mm. However, the p-n junction active area is 

smaller than the sample size, because more than half of the sample surface is 

etched to make the back contact to the poly-Si absorber layer. The total active area 

by considering six active fingers and the area between two fingers is approximate-

ly equal to7.64 mm
2
. 

 

Fig. 12: Optical micrograph (in reflection mode) of the ALILE TF solar cell (4 mm×4 mm) (Top 

view) taken with the PHEMOS 1000 using objective with 20× magnification [57]. 

The bright bands aligned in the horizontal direction in figure 12 show the emitter 

contact fingers (Al), which are electrically connected to the ZnO:Al layer (TCO). 

The frontside contacts (emitter) are shown with a red arrow in figure 12. These 

fingers are surrounded by a dark area, which is the active area (p-n junction) cov-

ered with the TCO layer above it. This area is followed by a gray area, which is 

the active area but is not covered with the TCO layer. This layer is shown with a 

green arrow in figure 12. The interdigitated backside contact fingers (absorber) 

are also formed at the front side of the solar cell. The interdigitated absorber con-

tacts are observable in this figure as gray porous horizontal bars which are shown 

with a blue arrow in figure 12. The red vertical line in figure 12 marks the position 

of the cross section, which is depicted in the figure 11. As it can be seen, the cross 

section is limited between two backside contacts. The yellow vertical line shows 
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the area selected for cross sectioning using DualBeam, discussed in chapter 

7.2.1.1. 

 

4.2 Monocrystalline Thin-Film Solar Cell (c-Si TF solar cell) 

An identically processed solar cell on a (100) oriented monocrystalline silicon 

substrate wafer was used as a reference sample which has the maximum achieva-

ble electronic quality for a particular evaporation process. The Si wafer substrate 

is boron doped with a resistance of 2 - 10 mΩ-cm (1 - 4×10
19

 cm
-3

) and with a 

thickness of about 375 µm that serves as an ideal seed layer. The monocrystalline 

Si wafer is highly p-doped in order to decrease additional carrier collection from 

the thick monocrystalline Si wafer and its influence on the performance of the 

solar cell. Similar to the ALILE TF solar cell, the absorber was doped by the co-

evaporation of boron from a high temperature effusion cell. The absorber layer is 

deposited epitaxially on the wafer substrate by an e-beam evaporation process. 

The structure of the c-Si TF reference solar cell is depicted in figure 13. The refer-

ence solar cell contains an epitaxially grown p-doped Si absorber layer with the 

same thickness (~2 μm) as for the ALILE TF solar cell. This sample has also the 

same size (4 mm×4 mm) as the ALILE TF solar cell and the same p-n junction 

active area (7.64 mm
2
). 

 

Fig. 13: Schematic structure of the monocrystalline Si thin-film solar cell (c-Si TF) based on the 

silicon wafer with (100) orientation (cross section). 

The micrograph reflected image of the c-Si TF solar cell is presented in figure 14. 

This image is registered using the PHEMOS 1000 operating in the reflection 

mode. Comparing this image with figure 12, one can obviously see that this de-

vice shows the similar structure as the ALILE TF solar cell. However, in contrast 
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to the ALILE TF sample the backside contact fingers and p-doped etched areas 

show a smooth surface structure. 

 

Fig. 14: Optical micrograph (in reflection mode) of the c-Si TF solar cell (4 mm×4 mm) (Top 

view) taken with the PHEMOS 1000 using objective with 5× magnification. 

 

4.3 Polycrystalline Thin-Film Solar Cell Based on e-beam Process (e-beam 

TF Solar Cell) 

The electron beam crystallized sample produced on a fusion-drawn glass (Corning 

Eagle XG) substrate (1.1 mm). The SiC:B (310 nm) is deposited by RF-

Magnetron sputtering, with deposition rate of 50 - 60 nm/min and act as a diffu-

sion barrier for sputtered a-Si:H layer and provide simultaneously proper p-type 

(Boron) doping for the absorber layer. Afterward, the poly-Si absorber layer (10 

µm) was deposited by a LPCVD (Low Pressure Chemical Vapour Deposition) 

using silane. The absorber doping concentration is about 10
16

 cm
-3

 which increas-

es to 10
17

 – 10
18

 cm
-3

 at the rear side of the sample. Then the sample surface is 

processed with SPC (Solid Phase Crystallization) process and then scanned with a 

lined shape electron beam, to melt and recrystallize the absorber layer. The pro-

cess provides a poly-Si absorber layer with the grain boundary length of about 

100 µm [59]. An n
+
-doped a-Si:H layer (20 nm) is then deposited on the absorber 

layer using CVD (Chemical Vapour Deposition) process. The emitter layer is 

phosphorous doped by adding Phosphine (PH3) diluted with Hydrogen during 

CVD process. The front contact was realized with an Al grid on TCO layer. The 

back contact is established by mesa etched trenches in the absorber layer. For both 

front and back contacts, the electrical connections are made by e-beam evaporated 
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aluminium and structured by a photolithographic lift-off process. The sample 

cross section is illustrated in figure 15. The size of the sample and the active area 

are the same and equal to 4 mm×4 mm [59]. 

 

Fig. 15: Schematic structure of the e-beam TF solar cell (cross section) [59]. 

The optical micrograph image of the e-beam TF solar cell is shown in figure 16. 

The image is taken using PHEMOS 1000 with the 5× magnification objective. 

The front metal contact (the horizontal gray lines) has an interdigitated form. The 

back contact surrounds the device. The vertical dark lines are the grain boundaries 

that are expanded along the device. The horizontal dark lines are created due to 

the vibration and mechanical instability during the production process. There are 

also some small dark point-form spots distributed over the sample which are 

transferred from the substrate due to glass damages to the device structure. 

 

Fig. 16: Optical micrograph (in reflection mode) of the e-beam TF solar cell (4 mm×4 mm) (Top 

view) taken with the PHEMOS 1000 using objective with 5× magnification. 
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5 Optical Instrumental Setup 

In this study, we performed the LBIC (Light Beam Induced Current) measurement 

using three different wavelengths, 532 nm, 620 nm and 1064 nm (IR-LBIC): Ad-

ditionally, we employed two different electroluminescence mechanisms, by per-

forming the electroluminescence measurements in the forward (EL) and in the 

reverse bias (ReBEL). The electroluminescence measurements were performed 

using two different detectors: Si-CCD and InGaAs. 

The results of these measurements were employed to investigate the performance 

characteristics of different thin-film solar cells and to obtain detailed information 

about their electrical and optical properties and to identify defect-related energy 

levels and light scattering or light trapping structures. The optical and electrical 

characteristic at grain boundary region of the poly-Si absorber layer of the inves-

tigated thin-film solar cells was also investigated. 

LBIC measurement using 532 and 6290 nm was performed using two different 

setups, which are presented in section 5.2. Electroluminescence and IR-LBIC 

measurements were performed using the PHEMOS 1000 (Photon Emission Mi-

croscope System) from Hamamatsu. The PHEMOS 1000 is a standard type high 

resolution optical infrared photon emission microscope. This tool is in default 

mode equipped with a cooled (up to -55 °C) silicon CCD camera as a detector for 

acquisition of extremely faint emission from the device under test (DUT) in the 

range of visible and infrared wavelengths with a spectral range from 400 up to 

around 1100 nm. An InGaAs detector can also be used optionally, which provides 

more sensitivity and broader spectral response in the NIR range from 900 up to 

1550 nm. Additionally, PHEMOS 1000 is equipped with a 1064 nm laser, which 

can be used to perform the IR-LBIC measurement. This measurement provides a 

map of the optically induced current (photocurrent), which can be superimposed 

on the reflected micrograph image [60]. In the following sections, instrumental 

setups of these techniques are discussed in details. 

 

5.1 EL and ReBEL Setup 

The PHEMOS setup for implementing EL and ReBEL measurements is depicted 

in the figure 17. This setup includes a light source, an optical microscope, a ther-

mal chuck and a detector. As a detector, a Si-CCD (cooled Silicon CCD) camera 

and optionally an InGaAs detector were used. 
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Fig. 17: PHEMOS 1000 setup for implementing EL and ReBEL measurements [57]. 

The InGaAs (Indium Gallium Arsenide) detector with the sensitivity in the near-

infrared range from 900 up to 1550 nm were replaced with the default detector of 

the PHEMOS 1000 (Si-CCD camera) in the system to perform the EL and ReBEL 

measurements. The sensitivity range of the Si-CCD and InGaAs detectors are de-

picted in figure 18 [60]. The Si-CCD camera is cooled by a peltier and water cool-

ing system. Typical pixel field of 512×512 allows imaging with microscope reso-

lution. The InGaAs detector is capable of emission detection on low voltage 

derived IC chips and also backside faint emission analysis. A cooled Si-CCD 

camera requires a relatively longer integration time in comparison to an InGaAs 

detector. The reason of this difference can be explained with the effect of bandgap 

energy of the silicon in relation to the spectral sensitivity of the detectors (figure 

18) and also a relatively higher electrical sensitivity of the InGaAs detector due to 

its lower read noise. 

 

Fig. 18: Wavelength sensitivity range of a cooled Si-CCD and InGaAs detector [60]. 
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As figure 18 shows, the InGaAs detector easily captures the light emitted by the 

silicon based solar cell under the forward bias conditions. Table 2 shows some 

relevant parameters of the Si-CCD and InGaAs detector, which have been used in 

this study. This information is provided by the producer [60]. 

Detector Cooled Si-CCD InGaAs 

Physical Specification 

Array Size 512×512 640×512 

Pixel Pitch 24 µm 20 µm 

FPA Temperature -50 ° -70 ° 

FPA Cooling Peltier & Water Cooling Peltier & Water Cooling 

Optical Specification 

Spectral Response 350 – 1100 nm 900 – 1550 nm 

Quantum Efficiency Up to 80% 80% at 1500 nm 

Electrical Specification 

Mean Dark Current 0.5 electron/pix/S 130 electron/pix/S 

Electronic Readout Noise 7 electrons r.m.s 80 electrons r.m.s 

Tab. 2: Specifications of the cooled Si-CCD and InGaAs detectors used in the PHEMOS 1000 

setup for implementing EL and ReBEL measurements [60]. 

An external semiconductor parameter analyzer (HP4145A) is used to bias the 

DUT (Device Under Test) in the forward or reverse direction. The measurement 

setup is installed on a wafer prober, where the test structure can be placed on a 

stage and electrically connected by microprobe heads and needles. The Si-CCD or 

InGaAs detector is employed to detect the faint emission which is collected 

through the objective and directed to the detector. Integration times for emission 

images are in the order of seconds but strongly dependent on the detector and sig-

nal strength. 



 73 

The spatial resolution of this tool is limited by the devices in the light path. Table 

3 shows the picture resolution and optical resolution depending on different objec-

tives using Si-CCD and InGaAs detector. The optical resolution is dependent on 

the wavelength of the emitted light and the values in table 3 for the optical resolu-

tion are calculated considering the wavelength of 1100 nm, which corresponds to 

the silicon bandgap energy (1.12 eV). 

Objective 

Magnification 

Picture Resolution 

[μm] 

Optical Resolution 

[μm] 

Si-CCD InGaAs Si-CCD InGaAs 

5× 4.7 3.75 3.6 

20× 1.2 1 1.2 

Tab. 3: Picture and optical resolution of the objectives of PHEMOS 1000, to implement EL and 

ReBEL measurements using the Si-CCD and InGaAs detector. 

The spectroscopic electroluminescence study in the forward and reverse bias was 

carried out by inserting discrete bandpass filters in the light path of the optical 

microscope. The filters cover wavelength range from 400 to 950 nm and with 50 

nm steps for Si-CCD detector. Each bandpass filter is characterised to define its 

spectral response. In addition the optical system including optical path and the 

tube lens is characterised using a halogen lamp with the known spectral irradi-

ance. The EL or ReBEL measurement is repeated for each wavelength at a fixed 

voltage bias by inserting the appropriate bandpass filter. As the exposure time may 

vary depending on the sensitivity of the emitted signal on the corresponding 

wavelength, thus the result should be normalized by dividing it through the expo-

sure time. The normalized emission signal should be then calibrated using the 

characterization data of the filters and the optical system. Finally, the calibrated 

result can be used as the electroluminescence spectral response to interpret the 

interaction mechanism in the device under bias. 

The TP03000A1 thermo chuck system with a temperature range from -65 up to 

200 °C and a temperature accuracy of 0.5 °C is used to investigate the dark cur-

rent voltage (I-V) characteristics of the device. Temperatures higher than +80 °C 

can cause serious damage to the transparent conductive oxide (TCO) layer. There-

fore, the temperature dependent measurements have been performed in the range 

of -25 up to +70 °C to provide a wider range of data. A flow of dry nitrogen gas is 

used to prevent ice accumulation on the sample surface. Therefore, while cooling 

down, the sample is insulated from ambient humidity by an outer layer of nitrogen 

gas supplied by a high pressure tank. The nitrogen pressure has to be adjusted 

manually. The temperature was measured with a digital thermometer K204 
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through two channels using two type-K thermocouple temperature sensors, which 

were mounted on the surfaces of the samples. 

 

5.2 LBIC Setup 

The LBIC measurements were performed using two different setups and wave-

lengths in the visible range: 532 and 620 nm. The LBIC measurement at a wave-

length of 532 nm (green) was performed at the Helmholtz Zentrum Berlin (HZB) 

[61]. The laser power output of the incident laser is about 15 mW and the resolu-

tion is 15 µm. The reflective objective ×36/0.5 was used which provides 36× 

magnification. The laser power density on the device surface was low enough to 

ensure the operation in the low injection regime. In comparison to the IR-LBIC 

setup of PHEMOS 1000, this LBIC setup (532 nm) could not provide very fine 

resolution. 

The LBIC measurement at the wavelength of 620 nm was performed using LSM 

21IR. This tools is a confocal laser scan microscope (LSM) equipped with HeNe 

(Helium Neon) laser (5 mW) with the wavelength of 620 nm (red). The laser 

power on the surface of the device is about 200 µW, which ensure operation in the 

low injection regime. To measure the LBIC signal by scanning the laser over the 

device, it should be first bounded in a DIP (Dual In-line Package) socket. Then the 

socket could be mounted on the IC sample holder and justified in x, y and z direc-

tion. This setup provides a good resolution, which is comparable with the IR-

LBIC performed using PHEMOS 1000. 

 

5.3 IR-LBIC Setup 

The IR-LBIC setup utilizes a 1064 nm laser to provide a high spatial resolution 

map of the induced current, which can be further superimposed on the reflected 

micrograph image for localization [60]. The 1064 nm laser wavelength has the 

advantage of high depth penetration in silicon (~1 mm in crystalline Si), which 

allows extraction of the information from lower layers of the solar cells. Figure 19 

shows the PHEMOS 1000 setup for implementing the IR-LBIC measurement, 

voltage dependent IR-LBIC and temperature dependent IR-LBIC measurements. 

Main components of this setup include a LSM (Laser Scanning Microscope), a 

DC power supply, and a current monitoring unit including OBIRCH (Optical 

Beam Induced Resistance Change) amplifier, a laser light source, an image pro-

cessor and a display. The DUT was placed on the sample stage and its terminals 

were contacted using microprobe heads and needles, which allow driving the 
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DUT in the forward as well as in the reverse bias while simultaneously reading 

out the output signal. 

 

Fig. 19: PHEMOS 1000 setup, including the main components for implementing the IR-LBIC 

measurement [57]. 

The laser stimulation by applying the 1064 nm wavelength uses the photovoltaic 

(PV) effect to generate the photocurrent. The refractive index of the silicon mate-

rial is complex; therefore, there is an exponential absorption of photon energy that 

exceeds the silicon bandgap energy. When the sample is scanned with the laser 

beam, primarily photocurrent is generated in silicon. Ideally, absorption of one 

photon creates one electron-hole pair which is then separated by the electric field 

present in the depletion region of the p-n junction and increases the current that 

can be measured through an amplification unit. The laser scan controller is the 

main component of the image processing unit in the PHEMOS 1000 system which 

controls the scanning procedure of the laser beam via line and frame signals. In 

this setup, an internal OBIRCH amplifier amplifies the weak photocurrent induced 

by the laser beam. Finally, the amplified current change produced by the laser 

beam (photocurrent) as it scans the DUT is converted into the variations in the 

contrast to form the IR-LBIC map. The laser stimulation (IR-LBIC) image can 

also be superimposed on the micrograph picture obtained by the laser scanning 

microscope (LSM). 

The internal supply/amplification unit of the PHEMOS 1000 system can be used 

in three different electrical operating modes: constant current source, standard 

constant voltage source and high sensitivity constant voltage source mode. The 

electrical characteristics of these three modes are shown in Table 4. In the constant 
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voltage source mode, the current change, and in the constant current mode the 

voltage change is monitored. However, the output signal is always the voltage. In 

the constant current mode, the current is keeping constant by applying a default 

set voltage through a feedback loop. In fact, the constant current source utilizes 

the same input voltage reference as the constant voltage source. Each mode works 

in a certain impedance range. The standard constant voltage mode is more appro-

priate for performing measurements on the device with lower output impedance in 

comparison with the constant current mode. Generally, the DUT should not be 

electrically biased to obtain a photovoltaic signal output. However, to investigate 

the voltage dependency of the photocurrent, the measurement can be performed 

by varying the voltage bias. 

The PHEMOS 1000 system is equipped with an AC coupled 100 kHz bandwidth 

amplifying unit. The AC coupled amplifier by using pair of capacitors and resis-

tors allows ac-coupling of the input signal and amplifies just part of the input sig-

nal that varies with time. Therefore, if the DUT be electrically biased while illu-

minating with a laser beam, the dark current would be rejected. In this case, the 

amplified output signal is proportional to the photocurrent. It means that, the laser 

can be used in the Continues Wave (CW) mode, as the variation of the optically 

induced current can be registered by moving the laser beam over the sample. 

However, the sample should have inhomogeneous optical or electrical properties, 

unless the AC-coupled amplifier output would be zero. 

Mode 
Constant  

Current 

Constant Voltage  

(Standard) 

Constant Voltage 

(High Sensitivity) 

Voltage Range 10 mV – 10 V 10 mV – 10V 10 mV – 25 V 

Maximum Current 100 mA 100 mA 100 µA 

Detectability 50 µV 10 nA 10 pA 

Amplification 10
2
 V/V 10

6
 V/A 10

7
 V/A 

DUT Impedance  0.1 Ω – 10 MΩ 1 kΩ – 1 MΩ 800 Ω – 1 TΩ 

Tab. 4: PHEMOS 1000 preamplifier characteristics. 

The 1064 nm laser has the laser power of 200 mW, which part of it is lost in the 

optical path. We measured the laser power on the surface of the device using a 

laser power meter. The laser power was measured for each objective (5×, 20×, 

50×, and 100 ×) in the optimal distance from the focused level suggested by the 
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manufacturer. The PHEMOS integration software allows varying the laser power 

from 1% up to 100% of the maximum laser power while keeping the same laser 

spot size. As it is shown in figure 20, the laser output power shows a perfect linear 

behaviour to the variation of applied laser power in percentage by the PHEMOS 

software. 

 

Fig. 20: The output laser power measured for different objectives: 5×, 20×, 50× and 100×. The 

applied laser power is varied from 1% up to 100% by the PHEMOS software. The results show 

very good linear behaviour. 

Table 5 shows the maximum measured laser power (PMax) by applying 100% laser 

power on the sample surface, the minimum and maximum spot size of the laser 

beam (1064 nm) and the average laser power density for each objective. The max-

imum laser power density of a Gaussian laser beam is defined as two times the 

total maximum power divided by the illuminated area. The illuminated area is 

defined as a circle with the radius equal to w/2. For our calculation, we considered 

the average laser power density that is equal to half of the maximum power densi-

ty. The Eq.(2.19) is used to calculate the laser spot size by knowing the truncation 

ratio TR of the optical system. The choice of the Truncation ratio is the compro-

mise between the laser power loss and the laser spot size. A higher TR results in 

higher power loss but smaller laser spot size. By varying TR from infinity to 0.5 

the K-factor varies between 1.61 and 2.51, respectively. In this range, the laser 

beam profile changes from an Airy disc to a Gaussian profile, respectively. The 

laser spot size can then be defined theoretically by knowing the optical character-

istic of the scanning laser microscope (LSM), considering the numerical aperture 

(NA) of the objectives, the laser wavelength (1064 nm) and the maximum and 

minimum values of the K-factor. 
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Obj. NA 
PMax 

[mW] 

w [µm] IAvg [W/cm
2
] 

Min. Max. Min. Max. 

5× 0.14 73 6.1 9.5 1×10
5
 2.5×10

5
 

20× 0.40 45.7 2.1 3.3 5.3×10
5
 13×10

5
 

50× 0.76 25.1 1.1 1.7 11×10
5
 26×10

5
 

100× 0.50 3.8 1.7 2.6 0.7×10
5
 1.6×10

5
 

Tab. 5: Numerical aperture (NA) and maximum measured laser power (PMax) corresponding to the 

1064 nm laser for different objectives (Obj.) are depicted. The minimum and maximum laser spot 

sizes (w) and corresponding average laser power densities (IAvg) by applying the maximum laser 

power (100%) are calculated from Eq.(2.19). The illuminated area is defined as a circle with the 

radius equal to w/2. 

 

5.4 FIB/SEM Setup 

FIB (Focus Ion Beam) precise cross-sectioning is performed using FEI XL830 

DualBeam system configuration. The FIB was used in this study to investigate 

some surface and structural features of the investigated thin-film solar cells, e.g. at 

the mesa corner, to interpret obtained EL, ReBEL, LBIC and IR-LBIC results at 

these areas. The main advantage of the DualBeam system is for sample prepara-

tion and microscopy applications, in which the ion beam can be used for material 

removal and SEM (Scanning Electron Microscope) for non-destructive imaging 

and analysis. The dual beam incorporates both a FIB column and a SEM in a unit.  

This combination enables the user to view the cross section face using the electron 

beam while the ion beam mills normal to the sample surface. A typical DualBeam 

configuration is shown in figure 21. 

For either beam, secondary electrons are detected for imaging. It is possible to 

view the cross section with the ion beam. Ion beam imaging gives results with 

much better material contrast but significantly lower resolution. Typically higher 

resolution is preferred. However, the ion beam damages the surface while imag-

ing. Therefore, electron images usually are preferred but sometimes different ma-

terial compositions are much better seen in an ion beam induced image if not be-

low the resolution limit. 
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Fig. 21: A typical DualBeam system configuration [62]. 
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6 Transfer of FA Techniques from µE to PV 

To compete with other types of the alternative energy resources, further develop-

ments and researches are still required to improve the solar cell conversion effi-

ciency and reliability by using alternative materials and new processing tech-

niques and finally adapt them to the PV requirements. In comparison to the 

modern microelectronic devices, the requirements for the solar cell technology are 

simple. They need a strong optical absorber coupled with a window layer to con-

stitute a heterojunction, an electrical junction and ohmic contacts for carrier col-

lection. The optimum materials to fulfill these requirements are already well 

known, although, some fundamental and technical difficulties, e.g. grain bounda-

ries and point form defects, have arisen which still need more works and research-

es to overcome [53]. For this purpose, significant progresses is still required to 

improve the conversion efficiency of the solar cells, which are to a large extent 

limited by microscopic defects (e.g. at the grain boundaries in the poly-Si based 

thin-film solar cells). We need a package of physical techniques to yield the di-

verse information relevant for the development of thin-film solar cells. Photovol-

taic characterization techniques have been developed well in the last decades by 

leveraging the methods originating from the physics, chemistry, material science 

and also microelectronics industry. Among them, the expensive and strong tools 

designed for microelectronics failure analysis have made also their way in the PV 

industry by adapting technically and financially to the requirements of this tech-

nology. To fulfill this task, there has been always a need to build a bridge between 

the requirements and demands of the PV and the development and strength of 

microelectronics technology. 

Despite the advantages of the failure analysis technique developed for microelec-

tronics, some problems have to be overcome to effectively utilize these tools and 

techniques for PV analysis. For this, we should first learn about requirements of 

the PV industry. It should be underlined that these techniques follow not the same 

purpose in the PV as in microelectronics. As already mentioned, in microelectron-

ics these techniques are used mainly to find a failure in the ICs. But in PV, they 

are utilized to characterize the material and the device properties to gain addition-

al information and finally improve the efficiency. The material characterization 

means to determine some material parameters such as mobility, carrier lifetime 

and absorption coefficient, while device characterization results in determination 

of the I-V curve, quantum efficiency, capacitance/voltage relation. All these tech-

niques are employed in PV to find the answer to one question that is how the effi-

ciency can be further increased? 
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Here, we implemented different optical interaction measurements using PHEMOS 

1000 including IR-LBIC, EL and ReBEL. The IR-LBIC is used as a core of our 

experimental investigation. PHEMOS is an optical microscope equipped with a 

camera to perform PEM and two lasers for OBIC and OBIRCH. The PHEMOS 

characteristics and setup were previously presented in details in chapter 5.1. In the 

following, we discuss briefly these three techniques in the PV and the challenges 

we faced performing them on the Si based thin-film solar cells. 

 

6.1 EL 

As already discussed, the PEM is one of the most successful tools for failure lo-

calization in integrated circuits (ICs) which can detect very weak emission from 

semiconductor devices and localize it. This technique is called electrolumines-

cence (EL) in the solar cell community. The term electro refers to the means of 

excitation of the semiconductor and is similar to the PEM signal from a forward 

p-n junction in the microelectronics. Electroluminescence in the forward bias (EL) 

has been widely applied to the conventional solar cell technologies since 1990 to 

reveal detailed information about some of the relevant material parameters, such 

as the minority carrier diffusion length (or lifetime) [63–65] and local series re-

sistance [66]. Since 2005 with the advent of low cost silicon CCD arrays as a de-

tector, EL imaging became a strong tool for fast and spatially resolved characteri-

zation of crystalline Si solar cells and modules, which is used to evaluate main 

parameters such as contact finger breakage, shunts, series resistance and minority 

carrier lifetime. However, thin-film solar cells exhibit different diode behavior due 

to secondary barriers and the increased current contribution from the space charge 

region (SCR) compared to the neutral bulk region of the p-n junction. Therefore, 

the equation used for the conventional solar cell cannot be applied to thin-film 

solar cells to extract the cell parameters. 

The EL imaging in PV and the PEM in µE has completely different ambitions. In 

PV the EL is mainly used for the performance analysis, characterization and pa-

rameter extraction, while in µE we mainly apply this technique to localize a fail-

ure and learn about its mechanism. Therefore, the requirements and the demands 

of each technique are also different. In comparison to the PEM in microelectron-

ics, more theoretical investigations have been carried out in PV to understand the 

physics behind the different photon emission mechanisms to be able to correctly 

interpret the results and extracted parameters and finally find a way to improve the 

efficiency. This is also necessary to develop computer programs to process the 

results and implement qualitative analysis. But as the failure localization is the 

main concern by PEM in the microelectronics industry the technical specification 

of the setup is more relevant than the physics of the interaction mechanism. Ex-

pensive detectors with very high sensitivity and resolution and specific objectives 
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with high NA and magnification are employed in the microelectronics to detect 

and localize very small failure in the miniaturized digital ICs in a very short time. 

Generally, these setups are too expensive for PV industry. 

There are many inexpensive commercial EL systems for PV applications which 

are mainly capable to identify micro-cracks and print defects and some offer the 

possibility to extract some device and material parameters, e.g. series resistance, 

shunt resistance and minority carrier lifetime. Performing the EL measurement on 

a solar cell using a PEM specific setup has many advantages, but also some chal-

lenges to overcome. The high resolution, high sensitivity and the ability to per-

form the spectrally resolved measurement are the main advantages of this system 

which allows microscopic-scale investigations by performing EL and ReBEL 

measurements. As ReBEL signal are mainly localized at a point and not distribut-

ed such as EL, therefore its exact localization with high resolution can be advan-

tageous for further investigation, e.g. by the FIB cross sectioning at the exact posi-

tion of the defect. The main challenge for the EL measurements using this setup is 

a need for performing qualitative measurement. For this purpose, often several EL 

measurements under different optical or electrical conditions should be performed 

on the same area of the device. This means that after the measurements, a big 

amount of data should be processed. This procedure includes some complex pre-

processing algorithm to ensure the correct alignment of the raw data in x- y and z 

directions. Before any data processing, this algorithm should be applied to the 

obtained images to align them unless the extracted parameters would be wrong. 

As it is a common problem for EL and IR-LBIC measurements, we will discuss it 

in details in the section 6.3.4. 

 

6.2 IR-LBIC 

In photovoltaics, LBIC is generally performed using wavelengths where the pho-

ton energy is clearly above the bandgap energy of the absorber layer to ensure 

device operation in the high cell efficiency regime. But the IR-LBIC measurement 

is implemented using the laser wavelength in the near infrared region (NIR), close 

to the semiconductor bandgap, which provides information about the solar cell 

spectral response for photon energies in the sub-bandgap (E ≤ Eg). The spectral 

response of the solar cell in the sub-bandgap is much weaker in comparison to the 

visible range. But regarding to the realistic efficiency limit of a conventional solar 

cell this spectral range, which is one of the loss mechanisms in conventional solar 

cell, cannot be anymore ignored. Different approaches, e.g. the impurity photovol-

taic (IPV) effect [67], use of Ge-Si alloy [68], quantum well [69], effective light 

trapping, and up-converter [70] have been widely investigated in the PV to im-

prove the solar cell response to the weak absorption in the sub-bandgap region. By 

these enhancements, efforts have been made to extend the optical absorption via 
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sub-bandgap processes, so that the efficiency is improved without significant ad-

ditional cost. 

In addition, IR-LBIC results is especially interesting in this context because of the 

low absorption rate of the applied laser which can be used for many applications 

to extract some material and electrical parameters of thin-film solar cells [43]. In 

the following, we address some of the relevant issues by employing a typical 

backside OBIC measurement setup used in the microelectronics for solar cell 

characterization. The most important parameters that should be discussed are the 

laser wavelength, laser intensity profile, resolution, laser power density, and the 

stability of the system for quantitative analysis and the data processing. The prop-

erty of the laser in the near infrared range (NIR) to perform laser stimulation 

based measurement in microelectronics was discussed in chapter 2.2.2.6. In the 

following section, we discuss relevant interaction properties of the NIR laser 

(1064 nm) specially in PV. Additionally, we discuss the property of the micro-

graph reflected picture obtained with this setup equipped with a confocal micro-

scope and NIR laser. The ability of the PVD (Photovoltage Decay) technique is 

also addressed as an experimental method to evaluate the applied laser power and 

to determine the changeover condition from the low to the high injection operat-

ing regime. Finally, it will be discussed which local parameter can be extracted 

with the LBIC measurement. All discussions are presented with the help of simu-

lation results obtained from TCAD Sentaurus simulation tools. 

 

6.2.1 NIR Laser Wavelength 

The light propagation in an absorbing medium can be described by Beer-

Lambert’s law (or Bouguer’s law). According to Beer–Lambert’s law there is a 

exponential dependence between the transmission of the light through a substance 

and the product of the absorption coefficient, and the distance the light travels 

through the material. This relation can be written as follows: 

zez   0)(  (6.1) 

where α and Ф0 are the optical absorption coefficient and the number of photon 

incident per second on unit area, respectively. Absorption is expressed in terms of 

a coefficient which is defined as the relative rate of decrease in the light intensity 

along its propagation path (z). Knowledge of the absorption coefficient over the 

solar spectral range is critical for improving the solar cells structure and gaining 

more efficiency percentage. The absorption coefficient can be expressed in terms 

of so called extension coefficient (kr) as: 
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 rk4
  

(6.2) 

The optical properties of the material are governed by the interaction between the 

material and the electric field of the incident electromagnetic wave which can be 

described by complex refractive index. The complex refractive index (N = nr – ikr) 

is a wavelength and material dependent parameter which describes the light prop-

agation in a solid. The real part of this complex (nr) is related to the velocity and 

the imaginary part (kr) is related to the decay of the oscillation amplitude of the 

incident electric field. The penetration depth (δp) is another important parameter 

which can be defined by knowing the absorption coefficient at a given wave-

length. The penetration depth is defined as the depth where the light intensity is 

equal to 1/e (~37%) of its value at the surface: 




1
p  

(6.3) 

The penetration depth is a function of the wavelength. The higher the wavelength, 

the longer is the penetration depth of the incident light in the material. The pene-

tration depth influences strongly the LBIC results. The resolution of the LBIC 

image is influenced by this parameter. As a rule of thumb, the depth resolution of 

the LBIC is influenced by the laser spot size and the penetration depth. Thus, the 

visibility of the defects deep in the solar cell to the LBIC is determined by the 

penetration depth of the applied wavelength. Using higher wavelength compared 

to the local diffusion length in the defective area, the collection probably of the 

LBIC increases. Therefore, the defects with low recombination activity can be just 

detected using higher wavelengths and they are invisible to the low wavelength 

laser. However, the spatial resolution becomes worse using higher wavelength, 

and probably individual defects would not be resolved. 

In table 6, the refractive index (nr), extension coefficient (kr), absorption coeffi-

cient (α) and penetration depth (δp) in the crystalline Si, polycrystalline Si (poly-

Si) and amorphous silicon (a-Si) are presented for three different wavelengths 

from visible to the near infrared range. In all cases, the refractive index (nr), ex-

tinction coefficient (kr) and the absorption coefficient (α) decrease with the wave-

length, while the penetration depth increases. Different silicon crystal structures 

(mono-, poly- or a-Si) show great difference especially in domain of the infrared 

range. The higher absorption coefficient of poly-Si in the NIR region can be ex-

plained by the effect of micro-structural variation, effect of surface roughness and 

existence of the grain boundaries. Absorption coefficient in the a-Si is due to its 

bandgap structure zero [71]. 
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λ  

[nm] 
nr kr 

α  

[cm
-1

] 

δp 

[µm] 

Crystalline Si 

532 4.15 4.39e
-2

 1.037e
+4

 0.73 

620 3.9 2.2e
-2

 4.45e
+3

 2.24 

1064 3.56 8.17e
-5

 9.65 1003 

Poly-Si 

532 4.1 1e
-1

 2.38e
+4

 0.42 

620 3.86 4.09e
-2

 8.3e
+3

 1.2 

1064 3.52 1.8e
-3

 2.12e
+2

 47.1 

a-Si 

532 4.43 0.87 2.05e
+5

 0.048 

620 4.22 0.46 9.33 1071 

1064 3.59 0 0 ∞ 

Tab. 6: Optical properties, including refractive index, absorption coefficient and penetration depth 

of crystalline Si, poly-Si and a-Si in the visible range at the wavelength of 532 and 620 nm, in 

comparison with those in the NIR at 1064 nm [71]. 

The absorption coefficient of the silicon at the wavelength of 1064 nm is much 

less than the one in the visible range. At the wavelength of 1064 nm, crystalline Si 

and a-Si are nearly transparent with the penetration depth of about 1 mm and in-

finity, respectively. The absorption coefficient in the poly-Si is more than two or-

ders of magnitude smaller in the NIR when compared to the visible range. There-

fore, by using laser with 1064 nm wavelength information is not only obtained 

from the surface layers but throughout the entire active layer. The low absorption 

rate of the incident light can be used for many applications, especially in the thin-

film technology, such as detecting the light trapping or scattering structure, grain 

boundary detection, or for investigating traps and their energy levels in the ab-

sorber layer of the thin-film solar cell, which are partly discussed in this study 

[71]. 

Another important characterises of the IR-LBIC measurements performed on thin-

film solar cells is the homogeneity of the optically generated carrier density in the 

vertical direction. Due to the long penetration depth of the applied laser in the NIR 

region the excess carrier density exhibits a more uniform profile in the vertical 
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direction. Therefore, only little carrier diffusion should be observed in the absorb-

er layer of the device in the vertical direction. 

 

6.2.2 Effect of Local Illumination 

In this section, we evaluate the capability of techniques like LBIC and IR-LBIC to 

locally determine the fundamental electrical parameters of the solar cells, i.e. the 

short circuit current (ISC), open circuit voltage (VOC), the maximum power (PMAX), 

fill factor (FF), cell efficiency (η) and optimum load (RLmp). For this purpose, the 

effect of local illumination by performing the IR-LBIC measurement on the thin-

film solar cell is discussed. An analysis of the collection efficiency with very high 

resolution on the polycrystalline thin-film solar cell is especially of importance for 

the solar cell behavior at the grain boundaries. 

In the LBIC and IR-LBIC measurements, the laser beam is illuminating on a small 

area (laser spot size) generating excess charge carriers, while the rest of the device 

is not optically stimulated. However, these two parts are electrically connected 

and therefore the local signal response should not just be governed with the local 

characteristics, but also is affected by the state of its dark part (not illuminated 

part). To investigate this effect, an experimental study based on the PHEMOS 

setup was made for evaluating the electrical characteristics of the poly-Si thin-film 

solar cell and discussing the ability of such techniques for extracting the electrical 

parameters of a solar cell. As a case study, the ALILE TF solar cell was measured 

using the PHEMOS setup. The result of the IR-LBIC measurement under short 

circuit condition is depicted in figure 22 (ISC map with arbitrary unit). This meas-

urement performed on the ALILE TF solar cell using an objective with 100× 

magnification and a laser power density of approximately 2800 W/cm
2
. The de-

vice is not electrically biased and the laser is operating in the CW mode. The 

brighter area shows the region with higher IR-LBIC signal response. The chal-

lenge is to produce such a high resolution map for all other electrical parameters 

of the investigated solar cell like VOC in a relatively short time.  

To have a reference value for the obtained map of the optically induced current 

and voltage, first, the illuminated I-V curve was measured when the laser was 

operating in the point mode. The IR-LBIC results obtained at the selected points 

were used further to evaluate the generated map. Afterwards, the results were dis-

cussed based on the compact equivalent circuit model of a solar cell under illumi-

nation, including dark and illuminated parts. Finally, a Si based thin-film solar cell 

under different electrical conditions was simulated using Sentaurus TCAD simula-

tion tools to provide information about the physics of local illumination effects in 

some details. 
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Fig. 22: IR-LBIC measurement performed on the ALILE TF solar cell using 100× magnification 

objective and a laser power density of ~2800 W/cm
2
. The device is not electrically biased [72]. 

 

6.2.2.1 Experimental Analysis of Local Illumination Effect 

In the first approach, the illuminated current-voltage (I-V) characteristic of the 

ALILE TF solar cell was acquired by the HP 4145B parameter analyser when the 

laser beam with the wavelength of 1064 nm was positioned over several areas of 

interest including the grain boundary and the grain interior. As it is shown in fig-

ure 22, three different areas were selected: a grain interior (1: GI), a grain bounda-

ry (2: GB1) and an area at the grain boundary which is probably affected by a de-

fect (3: GB2) showing very strong IR-LBIC signal response. The selected areas 

were used as references for illuminated I-V characteristic measurements. The re-

sulting illuminated I-V characteristics are illustrated in figure 23. The laser beam 

was positioned in the centre of the selected areas, while the PHEMOS was operat-

ing in the laser point mode. We used the results of the illuminated I-V characteris-

tic to extract local electrical parameters of the investigated solar cell. The opti-

mum load values (RLmp) is extracted from the illuminated I-V data, where the 

derivative of d(IV)/dV is zero. The optimum load is equal to 123, 101 and 32 kΩ 

for GI, GB1 and GB2, respectively. Other electrical parameters, e.g. ISC, VOC, Imp, 

Vmp, Pmp and FF, are also extracted from the illuminated I-V characteristic as they 

are presented in table 7. The quantitative analysis of the extracted electrical solar 

cell parameters will be discussed later in the chapter 7, titled with results and dis-

cussions. 
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Fig. 23: Illuminated I-V characteristics obtained when the laser beam illuminated in the point 

mode at three different areas including an area in the grain interior, grain boundary and an area in 

the grain boundary, which is probably affected by a defect. The laser beam illuminated in the point 

mode continuously with the power of 7000 W/cm
2
 [72]. 

 

  Area1 (GI) Area2 (GB1) Area3 (GB2) 

ISC [µA] 0.9 1.29 4.29 

VOC [mV] 110 120 197 

Imp [µA] 0.5 0.8 3.3 

Vmp [mV] 63 76 114 

Pmp [nW] 31.5 60.8 376.2 

RLmp [kΩ] 126 95 34 

FF [%] 32.4 36.8 47.2 

Tab. 7: The extracted parameters from the illuminated I-V measurement by performing IR-LBIC 

in the point mode. 
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In the second approach, we employed two different modes of the internal 

OBIRCH amplifier of the PHEMOS: the voltage constant source and current con-

stant source modes. Using these two setups, we measured separately the voltage 

and current induced by the laser beam illumination. In the constant current source 

mode, a voltage across the load resistor was measured for several resistors ranging 

from 100 Ω to 10 MΩ with no external electrical bias (Infrared Light Induced 

Voltage Alteration (IR-LIVA)). In the constant voltage source mode, the current 

flowing through the same load resistor as for the IR-LIVA measurement was mon-

itored (IR-LBIC). Figure 24.a and figure 24.b show the setups used for the IR-

LIVA and IR-LBIC measurement performed on the ALILE TF solar cell using 

PHEMOS, respectively. All the measurements were performed under same optical 

conditions with the laser power density of 7000 W/cm
2
 and the laser scanning 

time of 72 s. 

 

Fig. 24: Setups for implementing the laser stimulation measurements in the constant current 

source (a) and constant voltage source (b) modes which have been used to measure the voltage and 

current induced by the laser beam, respectively. In the constant current source mode, a voltage 

across the load resistor has been measured for several resistors ranging from 100 Ω to 10 MΩ and 

in the constant voltage source mode the current flowing through the load resistor has been meas-

ured for the same resistor settings [72]. 

First, the laser stimulation measurements were performed in the constant current 

source mode while the voltage across the DUT was monitored (figure 24.a). A 

load resistor was connected in parallel to the device and varied from 100 Ω to 10 

MΩ. In this way, the operating point on the I-V curve travels from the short circuit 

to the open-circuit condition and the voltage across the DUT was recorded and 

amplified at each bias. Considering the maximum power point-related load resis-

tor obtained from the laser illuminated I-V characteristics reference measurements 

(34 – 126 kΩ), the load resistors were varied with relatively smaller steps (10 kΩ) 

from 10 up to 250 kΩ. Therefore, higher resolution data in the fourth quarter of I-

V curve were obtained. These measurements were performed under same condi-

tions for each load resistor. Figure 25 shows the IR-LIVA maps for load resistors 

of 100 Ω (a), 1 kΩ (b), 40 kΩ (c) and 100 kΩ (d). The results show that the IR-

LIVA signal intensity response increased by increasing the load resistor (RL). The 

brighter areas in figure 25 correspond to regions with higher IR-LIVA intensity 

signal. 
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      a)    b)         c)    d) 

Fig. 25: IR-LIVA measurements performed in constant current mode. The device is connected in 

parallel with variable resistors of 100 Ω (a), 1 kΩ (b), 40 kΩ (c) and 100 kΩ (d). 

To have a direct comparison with experimental results of the illuminated I-V, 

same areas as for the first approach (figure 22) were selected and their average 

signal intensity was recorded at each voltage bias point. The results of the IR-

LIVA measurement presented in figure 26 show that the obtained voltage over the 

DUT at all selected areas increases with increasing the load resistor. A very large 

load resistor (> 10 MΩ) resulted in a signal assumed to be proportional to the 

open circuit voltage (VOC). 

 

Fig. 26: The results of IR-LIVA measurements when the amplifier is operating in the constant 

current mode. The voltage across a variable resistor has been measured from the same area select-

ed in figure 22. 

These measurements were repeated using the same series of load resistors when 

the amplifier is working in the constant voltage source mode (figure 24.b). In this 

mode, the load resistor is connected in series with the DUT and the current change 

corresponding to various points on the illuminated I-V curve was recorded. A se-

ries of IR-LBIC images obtained using different load resistor are shown in figure 
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27. The signal response obtained in this mode is proportional to the photocurrent 

which in contrast to the result of the IR-LIVA measurement decreases with in-

creasing the external load resistance. 

 
      a)    b)         c)            d) 

Fig. 27: IR-LBIC measurements implemented in the constant voltage mode. The device is con-

nected in series to an external variable resistor of 1 kΩ (a), 40 kΩ (b), 100 kΩ (c) and 10 MΩ (d). 

Same areas were selected for the IR-LBIC measurement obtained in the constant 

voltage source mode. The results obtained by averaging the signal response over 

the whole area were presented for each location in figure 28. The IR-LBIC signal 

intensity in this mode is proportional to the laser induced current, which is illus-

trated in figure 28 as a function of the load resistor. The results show that the av-

erage IR-LBIC signal intensity obtained from all three selected areas decreases by 

increasing the load resistor. The short circuit current condition results from the 

action of infinite small series resistor. 

 

Fig. 28: Results of IR-LBIC measurements when the amplifier is operating in the constant voltage 

mode. The current through a variable load resistor has been measured from the areas depicted in 

figure 22. 
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The product of the values obtained from these two measurements with each load 

resistor is a value proportional to the output power. The condition of the maxi-

mum power transfer is obtained by differentiating the output power with respect 

to the IR-LIVA intensity and setting the partial derivative to zero. The correspond-

ing load resistor is the optimum load and can be compared to the one extracted 

from the reference illuminated I-V characteristic measurements. The optimum 

load values extracted from the IR-LBIC and IR-LIVA measurements comes out to 

be equal to 140, 70 and 35 kΩ for GI, GB1 and GB2, respectively. These results 

are in a good agreement with the reference measurement. Some differences estab-

lished from the GI-area and GB-area could be related to the fact that in the second 

approach, an area consisting of several tenths of pixel has been defined for further 

calculations, while in the reference measurement the laser was illuminated over 

one location. As a result, the extracted optimum load from second approach is an 

average value for the defined areas, and may differ slightly from the reference 

measurement. The illuminated I-V curve for all three areas has been extracted by 

combining these two sets of results obtained for constant voltage and constant 

current modes which are illustrated in figure 29. The results are not calibrated, but 

they show qualitatively the same trend as what we obtained from the illuminated 

I-V measurements in point mode using the parameter analyser. Thus the technique 

combining the IR-LBIC and IR-LIVA mode of the OBIRCH amplifier could be 

used to produce a map for different electrical parameters and also local illuminat-

ed I-V measurement in a relatively short time. 

 

Fig. 29: Illuminated I-V characteristics obtained from the IR-LBIC and IR-LIVA measurements 

with different load resistors, extracted for the same areas of first setup including an area in the 

grain interior (GI), grain boundary (GB1) and an area in the grain boundary, which is affected by a 

defect (GB2). The laser power is 7000 W/cm
2
 [72]. 
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One could expect that the illuminated I-V characteristics and also the laser stimu-

lation maps obtained using different amplifier modes are the characteristics of the 

illuminated regions and therefore this measurement could further be used to ex-

tract locally some of the most important solar cell parameters such as efficiency 

and Fill Factor. In the following, the validity of this assumption for the measure-

ment results of such techniques (LBIC and IR-LBIC) will be discussed using two 

different approaches, the first with the help of a simple circuit simulation based on 

the experimental results (compact equivalent circuit model) and the second one by 

performing a 2D simulation using the Sentaurus TCAD. 

 

6.2.2.2 Simulation Based on Experimental Results 

The purpose of this section is the evaluation of the extracted electrical parameters, 

e.g. VOC, ISC, based on a simple simulation using a compact equivalent circuit 

model of the solar cell under illumination. Here, we model the investigated solar 

cell (static model) consisting of two main parts: the illuminated local part (at the 

left side of the figure 30) and the remaining part of the cell or dark part (at the 

right side of the figure 30). A variable load resistor (RL) is connected in parallel 

with these two parts. From the equivalent circuit, it is obvious that the dark part is 

electrically connected in parallel to the illuminated part of the solar cell. The dark 

part is about 2×10
6
 larger than the small illuminated area by using objective with 

100× objective magnification. 

 

Fig. 30: The equivalent circuit model of a solar cell under illumination for the interpretation and 

evaluation of the IR-LBIC and IR-LIVA measurements to extract locally electrical parameters of 

solar cells [72]. 

As it can be seen in figure 30, the total current flowing through the load resistor 

(RL) is the sum of two currents: the current from the illuminated part (I1) and the 

current from the dark part of the cell (I2). Therefore, the total current flowing 

through the load resistor (IRL) can be expressed as: 
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where IS,Ill and IS,Rest are the saturation currents, RS,Ill and RS,rest are the series re-

sistances, Rsh,Ill and Rsh,Rest are the shunt resistances and nIll and nRest are diode ide-

ality factors of the illuminated and dark part of the solar cell, respectively. V is the 

voltage across the load resistor (RL). The first term of the I1 is the dark current 

(I1,dark) and the second term (Iph) is the generated photocurrent of the illuminated 

part. Results of the both experimental measurement setups, presented in previous 

section, were qualitatively similar. Therefore, for simplicity, we limit further anal-

ysis and discussions to the first approach based on the illuminated I-V measure-

ment. The discussion and interpretation can be then extended to the second ap-

proach.  

 

Fig. 31: The simulation results based on the dark I-V characteristic of the entire cell and the super-

position principle for the signal obtained by the experimental method from the area selected at the 

grain boundary (GB1).  The results of the measurements are in good agreement with the ones ob-

tained from the simulation [72]. 
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We simulated the experimental results (figure 23) based on the dark I-V character-

istic of the entire cell and the superposition principle for the IR-LBIC signal ob-

tained from three different areas, including grain interior and grain boundaries. 

Knowing the dark I-V characteristic of the entire cell and the short circuit current 

from the local illumination, the illuminated I-V characteristics (figure 23) were 

reproduced. The results are shown in figure 31. Obviously, a good agreement with 

the experimental results can be established in this voltage range. 

Under short circuit condition, the dark area is bypassed (I2 = 0), and therefore the 

real value of the ISC for the illuminated local area could and was obtained. In the 

case of maximum power point condition, the TCO layer and the metal grid pro-

vide a low series resistance and due to the fact that the series resistance (RS,Ill and 

RS,Rest) is not an important issue in such a solar cell with the metal grid and TCO 

layer, all the regions of the solar cell are basically at one and the same potential 

(V) [73]. Therefore, by increasing the load resistor, the total current flowing 

through the load resistor is sum of two dark currents, one from the illuminated 

part (I1,dark) and another one from the dark area (I2) (entire cell) of the solar cell, 

which is subtracted by the photocurrent (Iph). The photocurrent is induced locally 

by the laser beam illumination. 

Under open circuit condition, the voltage will be influenced by the dark current 

injection from the entire cell. Therefore, the voltage obtained when a load resistor 

is connected to the device and even under the open circuit condition is not only 

influenced by the illuminated region. As it can be seen from Eq.(6.4), the parame-

ters of the dark current from the dark part of the solar cell, i.e. the saturation cur-

rent (IS,Rest), the diode factor (nRest), the shunt resistor (Rsh,Rest), and the series resis-

tor (Rs,Rest) influence the obtained voltage (VOC). Figure 31 shows obviously that 

the result of the local illuminated I-V characteristic is influenced by the dark cur-

rent of the entire cell and what is actually measured in the open circuit condition is 

not the local VOC but is the local ISC with the entire cell as a load. In fact, the dark 

I-V characteristics of the entire cell influence the measurement in this condition, 

not the local I-V characteristics, which regulate VOC and FF. The simulation has 

been shown that the illuminated I-V characteristics (figure 23) can be built just by 

knowing the local short circuit current of the illuminated part and the dark I-V 

characteristic of the entire solar cell. As already mentioned, this discussion is also 

valid for the generated map by performing the IR-LBIC and IR-LIVA measure-

ments. 

This study on the local illumination effect was based on a pseudo two-

dimensional approach, where solar cell was divided into two subcells: the illumi-

nated and dark parts connected in parallel. But as a matter of fact, the condition is 

more complicated, so that the problem should be studied further in 2D to include 

effects of lateral current and lateral diffusion of the optically generated carriers in 

the dark part of the solar cell. In the following section, a 2D simulation of a thin-
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film solar cell is presented using TCAD Sentaurus to provide more insight into 

some specifics of the IR-LBIC. 

 

6.2.2.3 2D Simulation of Local NIR Illumination Effect 

In this section, we further discuss in the frame of a 2D simulation the solar cell 

parameters extracted under the conditions of short circuit and open circuit by local 

NIR illumination. Using a 2D simulation approach, we analyse basically the two 

subcels (dark and illuminated part) as two dependent parts, which is basically an 

extension of the pseudo 2D approach based on the compact equivalent circuit 

model. Based on simulation results, it will be shown that one can only obtain local 

JSC by performing the LBIC or IR-LBIC measurement but not the local VOC. Addi-

tionally, the resolution of the JSC map obtained for a thin-film solar cell will be 

investigated as a function of different electrical and optical parameters, e.g. mi-

nority carrier diffusion length in the absorber layer, illumination spot size, back 

and surface recombination, presence of Back Surface Field (BSF) layer and p-n 

junction. Finally, it will be shown that the JSC resolution, in the case of solar cells 

with thin absorber layer relative to the minority carrier diffusion length, is mainly 

determined by the laser spot size, and there is no dominant effect of minority car-

rier diffusion length on the lateral resolution. 

In this study, the Sentaurus TCAD developed by Synopsys, is used as the simula-

tion tool [74]. Technology CAD (TCAD) is a computer simulation tool to model 

semiconductor processing and device operation, which provides insight into the 

fundamental physical phenomena governing the performance and yield. The 

TCAD Sentaurus addresses different types of solar cells, including mono- and 

multicrystalline Si, and also ones based on thin-film technologies. It simulates 

different key cell performance attributes such as dark and light I-V curves using 

monochromatic or standard solar spectra illumination. Surface and bulk recombi-

nation, and other detailed physical phenomena affecting charge transport within 

the solar cell are also included in TCAD simulation tools. Different optical solv-

ers, including optical beam absorption method, are available to handle light prop-

agation and absorption [74]. 

Solar cells investigated experimentally in this study have very complex design 

and structure. For the simplicity, we restrict the simulation to a simpler geomet-

rical structure of a p-n homojunction with a homogenous absorber layer without 

grain boundary. Only one of the fingers of the ALILE TF solar cell is modelled to 

avoid the complexity of the interdigitated mesa structure. The device was generat-

ed in TCAD Sentaurus using the Device Editor tool based on the similar geomet-

rical structure as the ALILE TF solar cell. The device is 2.21 µm thick, and it 

starts with the emitter layer (Y = 0) and ends with the BSF layer (Y = 2.21 µm). 
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The device width is set to 300 µm, which corresponds in the 2D approach to a 

device surface area of 300 µm
2
 (300×1 µm). The device structure and correspond-

ing homogeneous doping concentration in each layer are shown in figure 32. The 

yellow horizontal line shows the border of the SCR in the p-doped absorber layer 

of the device, which is neither electrically nor optically excited. 

 

Fig. 32: The device structure with the corresponding doping concentration in each layer imple-

mented in the TCAD Sentaurus using the Device Editor. The yellow vertical line shows the SCR 

border in the absorber layer of the device under no electrical bias in the darkness. 

Structural as well as electrical parameters for the ALILE TF solar cell were used 

to model the device physics [61]. The device consists of a very thin (10 nm) emit-

ter layer of n-doped Si (1.8×10
17

 cm
-3

), a thin (2 µm) absorber layer of p-doped 

poly-Si (1×10
16

 cm
-3

) and finally a thin layer (200 nm) of highly p-doped poly-Si 

acting as BSF layer (10
18

 cm
-3

). The surface of the emitter and BSF layer are ohm-

ic contacted to yield the front and backside contact, respectively. The ohmic con-

tacts exhibit no series resistance to provide a homogenous voltage distribution all 

over the sample surface. Some of the electrical and optical device parameters used 

in the simulation are listed in table 8. The parameters for the emitter layer are set 

in a range more similar to the characteristics of a-Si [2]. But it should be men-

tioned that no attempt is made to include the physical complexity of an a-Si/poly-

Si heterojunction structure in the simulation model. The simulated device models 

a simple Si based p-n homojunction structure to avoid the complexity of the a-Si 

and its interface with the absorber layer. The device was illuminated through the 

emitter layer with a monochromatic light beam with the wavelength of 1064 nm. 

The absorption coefficient in the poly-Si absorber and seed layers was set to 213 

cm
-1

, corresponding to the light wavelength of 1064 nm (see table 6). 

Furthermore, in this zero order modelling approach carrier transport is governed 

by the drift-diffusion model. The electrical and optical parameters specified for 
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the simulated device are given in table 8. To describe the carrier recombination 

processes, Auger and Shockley-Read-Hall (SRH) recombination models, pro-

posed in the Sentaurus TCAD device simulator, are included. The SRH recombi-

nation is modelled within the simple lifetime model specified for a midgap defect 

level. The photogeneration process in this study is governed by the optical beam 

absorption model included in the Sentaurus device simulation tool. Thus, the opti-

cal generation is computed according to the Beer–Lambert’s law and is based on 

the simple one-photon absorption [74]. The optical generation rate is calculated 

neglecting some optical phenomena, including reflection, light scattering and light 

trapping. The reflection of the incident laser (1064 nm) beam by the 80 nm thick 

TCO layer covering the device surface (ZnO) is taken into account by lowering 

the incident light intensity at the surface of the device by a factor of about 0.83 

(17% reflection). Obviously, this device modelling approach is over-simplified to 

study the photovoltaic properties of the ALILE TF solar cell in some detail. Nev-

ertheless, it should yield a starting point to obtain insight into some qualitative 

aspects of the photovoltaic response of a silicon based p-n junction device to the 

local optical stimulation by a NIR light beam, which is used in IR-LBIC experi-

ments in this work. 

 Absorber Emitter Seed Layer 

τn = τp [ns] 2.5 0.001 1 

μn [cm
2
/Vs] 150 4 120 

μp [cm
2
/Vs] 50 1.2 40 

ND, NA [cm
-3

] 1×10
16

 1.8×10
17

  1×10
18

 

Thickness [µm] 2 0.01 0.2 

α [cm
-1

] 

(λ = 1064 nm) 
213 2 213 

Tab. 8: The thin-film solar cell parameters used in the Sentaurus TCAD to simulate the effect of 

NIR local illumination. 

The device was simulated under three different illumination conditions: in dark, 

full illumination all over the sample surface and local illumination. The local il-

lumination models the IR-LBIC measurement in a simplified way. The device is 

illuminated with a light beam of the wavelength of 1064 nm and a power density 

of 70 W/cm
2
 on the surface (optical generation rate of 8×10

22
 cm

-3
s

-1
) to ensure 

the device operation in the low injection regime. Due to the low absorption coeffi-



 99 

cient of the incident light in the poly-Si absorber layer, just a small part of the 

light is absorbed in the device and its intensity reaches the value of 67 W/cm
2
 

(generation rate of 7.6×10
22

 cm
-3

s
-1

) at the backside of the device. The purpose of 

the simulation was to investigate the device behaviour under the short circuit and 

open circuit conditions when it is locally illuminated by performing measurements 

like LBIC. To have some comparison with experimental conditions the local illu-

minated area was defined to be the same as the ones available by different objec-

tives of the PHEMOS setup for IR-LBIC measurement, which are equal to 2.27, 

5.35 and 67.93 µm
2
 similar to the experimental laser spot size of 50×, 100× and 

5× magnification objectives, respectively. 

First, we define the JSC and VOC parameters under local and full illumination con-

ditions from the simulation results of illuminated I-V curves. The global values 

for these parameters were obtained from the device under full illumination. In the 

experimental measurement, global value is what we measure for the whole solar 

cell under full optical illumination using only two fixed contacts attached to it 

(whole cell characterization). In contra, local parameter values refer to selected 

area measurements, where a local region is probed. In the simulation, assuming a 

homogenous device, the global values are in fact the reference values for the ex-

tracted parameters and they are obtained from the simulation results of the I-V 

curve under full illumination (whole device surface is uniformly illuminated). The 

material properties of each layer are homogeneous. Therefore, we expect the same 

JSC and VOC by local and full illuminations equal to the global value (extracted 

from illuminated I-V curves). To compare the parameters obtained under different 

illumination spot sizes, the current was divided by the illumination spot area.  

 

Fig. 33: The results of the illuminated J-V curve obtained by simulating the device under full, 5×, 

50× and 100× illumination. 
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The results of the illuminated J-V curves under full, 5×, 50× and 100× illumina-

tion are shown in figure 33. The current density at the short circuit condition was 

then extracted from these curves. The JSC values under full and 5× illumination 

show almost no difference. However, there is a very small difference in JSC be-

tween full and local illumination with 50× and 100×, which is less than 1%. But 

the VOC values differ significantly and are equal to 0.44, 0.47, 0.55 and 0.59 V by 

50×, 100×, 5× and full illumination. The VOC difference between local and full 

illuminations increases by decreasing the illumination spot size. 

In the following, we discuss the device performance at short circuit and open cir-

cuit conditions under local and full illumination in more detail with the help of the 

applied simulation tool. We evaluate the results obtained for JSC and VOC and dis-

cuss further these two aspects and the eventual difference between full and local 

illuminations. 

 

6.2.2.3.1 Short Circuit Condition 

At short circuit condition, no bias voltage is applied to the device which means 

the dark current flowing through the device is zero. The device is irradiated under 

this condition and the induced current (photocurrent) is measured as short circuit 

current. By illuminating the whole surface of the device uniformly (full illumina-

tion), the total short circuit current density (JSC) of about 1.6 A/cm
2
 was obtained. 

This current flows vertically and homogenously all over the sample with no lateral 

current flow. Almost the same JSC was also obtained by local illumination with the 

illumination spot size corresponding with 5× objective. A negligible difference (< 

1%) was observed by smaller illumination spot size corresponding to 50× and 

100× magnification objectives (figure 33). 

  
   a)          b)  

Fig. 34: The electron density in the simulated device for the full (a) and local illumination (b) 

under short circuit condition with the area corresponding with 50× objective (b). The minority 

carrier diffusion length in the absorber layer is set to 1 µm. 
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However, under local illumination, the optically injected carriers diffuse laterally 

in both directions away from the illuminated area. Figure 34.a and 34.b shows the 

electron density in the device under full and local illumination with the illumina-

tion size corresponding to 50× magnification objective, respectively. Under full 

illumination, the electron density shows no lateral variation, but under local illu-

mination, the electron density spreads laterally around the centre of the illuminat-

ed area. It has a peak at the centre of the illuminated area (X = 100 µm) and de-

creases in both directions away from it. 

 

Fig. 35: The electron and hole density profile at two different cross section of the device under 

short circuit condition in the absorber layer along X = 100 and X = 200 µm for the local (50×) and 

a cross section along X = 100 µm for the full illumination. For the case of local illumination, the 

cross section at X = 100 µm represent the device characteristic at the centre of the illuminated area 

and X = 200 µm at an area far from it. 

For further investigation, we make a cross section of the electron and hole density 

in the absorber layer along the centre of the illuminated area (X = 100 µm) and far 

from the centre (X = 200 µm) under local illumination corresponding to the 50× 

magnification (figure 35). The minority and majority carrier density profiles far 

from the illuminated area shows the behaviour which holds under the dark equi-

librium condition (red and blue dashed curves). But at the illuminated area, the 

optical generation of carriers affects the profile of both electron and hole density 

(red and blue solid curves) which follows the same behaviour as the ones under 

full illumination (green solid and cyan dashed curves). The comparison between 

full and local illuminations at a cross section along the centre of the illuminated 

area shows a small difference in electron density. Although, the laser power densi-
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ty is the same, the electron density by local illumination is slightly lower than the 

full illumination. The hole density shows qualitatively the same behaviour. Under 

local illumination, due to the lateral diffusion, part of the generated carriers dif-

fused out of the illumination window into the non-irradiated part of the device, 

partly recombined and could not reach the contacts and accompany the induced 

photocurrent. This phenomenon (lateral diffusion of the injected carriers) should 

be dependent on the minority carrier diffusion length. Furthermore, we investigate 

the effect of the minority carrier diffusion length in the absorber layer and the il-

lumination spot size on the obtained short circuit current density. 

To investigate the effect of the minority carrier diffusion length (Ln) on the short 

circuit current density, the minority carrier diffusion length was varied in the ab-

sorber layer from 0.1 up to 2 µm. The illuminated J-V curves under the local illu-

mination (50×) and also the full illumination for four different minority carrier 

diffusion lengths (0.1, 0.5, 1 and 2 µm) are illustrated in figure 36. As it was 

qualitatively expected, by increasing the minority carrier diffusion length in the 

absorber layer the short circuit current density increases. In our simulation with 

the given parameters, the short circuit current density increases from 0.41 up to 

2.17 A/cm
2
 by varying the minority carrier diffusion length from 0.1 to 2 µm, re-

spectively. 

 

Fig. 36: The illuminated J-V curves under local (50×) and full illumination for four different mi-

nority carrier diffusion lengths in the absorber layer: 0.1, 0.5, 1 and 2 µm. 

The short circuit current density difference between full and local illumination 

were extracted for each diffusion length. This difference is equal to 8.8×10
-3

%, 

0.19%, 0.5% and 0.41% for the minority carrier diffusion length of 0.1, 0.5, 1 and 

2 µm, respectively. The current density differences are less than 0.5 % which is 
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three orders of magnitude smaller than the short circuit current density of the de-

vice. This small difference could be ignored by performing the IR-LBIC meas-

urement and the extracted value could be registered as the real value of the short 

circuit current density. Nevertheless, the short circuit current difference between 

local and full illumination seems to be dependent on the minority carrier diffusion 

length. It shows a tendency to decrease by lower diffusion length. This could be 

due to the fact that the photocurrent is the sum of two currents: the diffusion and 

drift current. By decreasing the minority carrier diffusion length, the drift current 

part increases relative to the diffusion current and become more dominant. The 

drift current should be independent from the diffusion length, and so it is expected 

that it is primary not influenced by the 2D effect due to the lateral diffusion and 

successive recombination of the generated carriers out of the illuminated window. 

Thus, as the simulation results shows, the shorter the minority carrier diffusion 

length, the smaller is the deviation of the local short circuit current density from 

its real value (here global value). 

At next, we investigate the influence of the laser spot size on the short circuit cur-

rent density obtained by IR-LBIC measurement. For this purpose, we simulate the 

device under four different illumination areas, including 2.27, 5.35, 67.93 and 300 

µm
2
 which correspond to objectives with 50×, 100×, 5× magnification objectives 

and full illumination, respectively (figure 32). As already mentioned, the simulat-

ed device has no inhomogeneity, e.g. due to defects or material parameter varia-

tion, thus the real value of local JSC should be equal to the global value under full 

illumination. The deviations of the short circuit current density from the real val-

ues, in our case, are equal to 0.03%, 0.94% and 0.5% for illumination areas corre-

sponding to 5×, 100× and 50× respectively. These deviations from the real value 

are less than 1% and they are obviously not dependent to the illumination spot 

size. Therefore, the illumination spot size should have no influence on the short 

circuit current density value obtained by IR-LBIC measurement. It should be 

mentioned that the illumination spot size just affects the resolution of the short 

circuit current map. The resolution of the short circuit current map obtained by the 

LBIC or IR-LBIC measurements is another important aspect that should be dis-

cussed in this section.  

By LBIC or IR-LBIC measurements, the resolution means the volume which is 

excited due to optical stimulation and contributes to the induced photocurrent. 

Generally, the spatial resolution of the LBIC measurement performed on the con-

ventional solar cell (absorber layer thickness of several hundred µm) is influenced 

by the light penetration depth, the laser spot size and the minority carrier diffusion 

length. The penetration depth of the applied laser beam influences the depth reso-

lution of the LBIC map. The penetration depth is a function of the wavelength, so 

that it increases with the wavelength. Thin-film solar cells consists of a very thin 

absorber layer (< 10 µm) and by applying the IR-LBIC measurement using the 

laser in the NIR range (λ = 1064 nm), the penetration depth (~ 1 mm) is much 
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longer than the absorber thickness (< 10 µm) and therefore should have no effect 

on the resolution of the IR-LBIC map that is limited by the thickness of the ab-

sorber layer. Therefore, we discuss in this study the effect of two other parameters 

on the JSC resolution: the minority carrier diffusion length in the absorber layer 

and the laser spot size. 

Figure 37 shows the absolute total current density flowing in the device under full 

and local (50×) illumination conditions. The value of the current density is corre-

lated with the colour. Under full illumination (figure 37.a), a homogenous current 

is flowing vertically from the front contact to the back contact through the device. 

Under local illumination (figure 37.b), the current is not just flowing through the 

illuminated area but also in the non-irradiated part of the device out of the illumi-

nated area. In this case, the optically generated carriers can diffuse laterally from 

the illuminated area into the dark part of the device. Part of the diffused carriers 

flowing through the non-irradiated part of the cell could reach the metal contacts 

and accompany in the induced photocurrent. Therefore, the collected carriers at 

two contacts are just partly originated from the illuminated window. Dependent to 

the minority carrier diffusion length, part of the current should originate from the 

area out of the illuminated spot and therefore carries information from this area. It 

means that the spatial resolution is not just defined by the laser spot size, but it 

should also be affected by other parameters such as the minority carrier diffusion 

length in the absorber layer. This issue is further investigated with the help of the 

hole and electron density profile at a plane in X direction in the middle of the ab-

sorber layer (Y = 1 µm). 

  
   a)         b) 

Fig. 37: The absolute total current density, flowing in the device illuminated under full (a) and 

local (50×) illumination (b) at short circuit condition. The minority carrier diffusion length in the 

absorber layer is set to 1 µm. 

Figure 38 illustrates the electron and hole density profile along the cross section in 

the X direction at Y = 1 µm. The minority carrier diffusion length in the absorber 

layer default in the simulation is equal to 1 µm. The profiles show that the optical-

ly generated carriers diffused laterally in the X direction. The device is illuminat-
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ed with the illumination spot size of 1.7 µm (area ~ 2.27 µm
2
) that corresponds to 

50× magnification objective of the IR-LBIC setup of the PHEMOS. Both electron 

and hole density profiles show a maximum at the centre of the illumination area. 

Away from the illumination centre, the carrier concentration profiles reduce in 

both directions. The hole density reaches its equilibrium level at a radius about 

2.52 µm from the illumination centre (area ~ 20 µm
2
) and the electron density at 

about 4.72 µm (area ~ 70 µm
2
). The current flowing in the device was calculated 

by integrating the total current density flowing in the Y = 1 µm plane for different 

cases: the total current flowing through the whole plane (300 µm
2
), the illuminat-

ed area (2.27 µm
2
) and finally the area where the excess hole density (∆p) is not 

zero (20 µm
2
) that resulted in the current equal to 374, 231 and 374 µA, respec-

tively. Therefore, just about 62% of the total current is flowing through the illumi-

nated area and about 38% of the total photocurrent flows in the dark part of the 

device and therefore is affected by the electrical parameter of this part. It means 

that the resolution of the JSC map is not just restricted to the illuminated area. 

 

Fig. 38: The electron and hole density profile at a cross section of the device under local illumina-

tion (50×) along Y = 1 µm. 

To investigate the influence of the minority carrier diffusion length on the resolu-

tion of the JSC map, we simulated the device by setting different minority carrier 

diffusion length in the absorber layer: 0.1, 0.5, 1 and 2 µm. The total current den-

sity in the device for these four cases under illumination with the illumination spot 

size corresponding to 50× magnification objective is illustrated in figure 39. To 

have a better comparison, all four cases are illustrated in the same current scale 

range. Obviously, the maximum of the short circuit current density at the centre of 

the illumination window is increased with the minority carrier diffusion length in 
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the absorber layer. However, the lateral spread of the total current changed very 

little with increasing the minority carrier diffusion length. The results show that 

the lateral current spreads in the absorber layer and therefore the spatial resolution 

seems not to be strongly correlated with the minority carrier diffusion length in 

the absorber layer. 

 

Fig. 39: The total current density flowing through the device having different minority carrier 

diffusion length in its absorber layer: 0.1, 0.5, 1 and 2 µm. 

The results presented in figure 39 were studied further to investigate the effect of 

the minority carrier diffusion length in the absorber layer on the JSC map resolu-

tion in some detail. For this purpose, we calculate the current (IA) flowing through 

different cross sections of the device. The ratio of this current to the total current 

(Itot) was used as a parameter defined as RI to discuss the resolution of the short 

circuit current map: 

[%]
tot

A
I

I

I
R   

(6.5) 

We determined the distance from the edge of the illuminated area as factor KLn of 

the minority carrier diffusion length in the absorber layer for each RI. Thus, the 

diameter of the selected area, Dill, is determined as: 
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nLnill LKwD 2  (6.6) 

This distance and its corresponding area are defined for different minority carrier 

diffusion length including 0.1, 0.5, 1 and 2 µm (Table 9). The RI is defined for 

current flowing through the illuminated area (A1), the area where the excess ma-

jority carrier density is not zero (A2) and for the case where the excess minority 

carrier density is not zero (A3). In addition, Dill and KLn are extracted for the cases 

when RI is equal to 90% (A4) and 98% (A5). The first three areas, A1, A2 and A3, 

are defined based on physical concepts, while the last two areas, A4 and A5, are 

defined to evaluate the resolution of the short circuit current density map with 

respect to the minority carrier diffusion length in the absorber layer. Dependent on 

the required sensitivity one can ignore 10% or 2% of the optically induced current 

and define the resolution as the area restricted with A4 or A5, respectively. In all 

cases, the illumination spot size is the same (w = 1.7 µm), corresponding to 50× 

magnification objective. Therefore, if just the minority carrier diffusion length in 

the absorber layer and the illumination spot size affect the spatial resolution of the 

short circuit current density map, one would expect the same KLn factor for the 

same RI parameter independent from the minority carrier diffusion length in the 

absorber layer of the device. The total induced current should flow in the area 

with the radius of the illumination spot size plus several times the minority carrier 

diffusion length in the absorber layer. The results of this investigation are summa-

rised in table 9. 

As it can be seen from table 9, in all cases almost negligible current flows out of 

the area where the excess minority carrier density is zero (A3) and about 60% of 

the total current flows through the illuminated area (A1). However, in the other 

three selected areas the amount of the flowing current for different minority carri-

er diffusion length is not the same. About 70% of the total current for the case of 

default electron diffusion length of 0.1 µm flows in the area, where the majority 

carrier density excesses to its equilibrium value, while in other cases almost the 

whole current flows through this area. With the diffusion length of 0.1 µm, which 

is about 20 times smaller than the absorber thickness (Ln << d), the lateral carrier 

spreading under local illumination is obviously dependent to the minority carrier 

diffusion length. More than 90% of the total current is flowing in the distance of 

4.43×Ln from the illumination edge. But with increasing the diffusion length, if it 

comes near the absorption layer thickness, the device does not follow the same 

behaviour as for the small diffusion length of 0.1 µm. By higher minority carrier 

diffusion length of 0.5, 1 and 2 µm more than 90% of the total current flows in the 

area with the distance less than one diffusion length from the edge of the illumi-

nated area. The KLn factor for RI = 90% decreases drastically by increasing the 

diffusion length and reaches to the value of just 0.21 with the minority carrier dif-

fusion length of 2 µm. This behaviour could be due to the reduced minority carrier 

diffusion length in the lateral direction. To evaluate this guess, we extracted in 
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addition the lateral minority carrier diffusion length at the edge of the illuminated 

area. 

 
A1:  

Illum. area 

A2: 

∆p ≠ 0 

A3: 

∆n ≠ 0 
A4 A5 

Ln = 0.1 µm 

Dill [µm] 1.7 1.95 3.38 2.58 3.37 

KLn - 1.25 8.4 4.43 8.3 

RI [%] 57.40 70 98.25 90 98 

Ln = 0.5 µm 

Dill [µm] 1.7 3.19 8.29 2.46 3.20 

KLn - 1.49 6.59 0.76 1.5 

RI [%] 62.21 97.91 100 9.0 98 

Ln = 1 µm 

Dill [µm] 1.7 3.9 9.44 2.43 3.15 

KLn - 1.1 3.87 0.36 0.72 

RI [%] 61.96 99.69 100 90 98 

Ln = 2 µm 

Dill [µm] 1.7 4.65 10.82 2.54 3.23 

KLn - 0.73 2.28 0.21 0.38 

RI [%] 59.52 99.94 100 90 98 

Tab. 9: The part of the induced current in percentage (RI) flowing through the illuminated area for 

different diffusion length in the range of 0.5 up to 2 µm by 50× illumination. The part of the in-

duced current flowing through the area with the radius of the laser spot (A1) and the induced cur-

rent flowing through the area, where the hole density (A2) and electron density (A3) is above the 

equilibrium condition is defined. In addition, the illumination spot size and KLn is defined for the 

cases when RI is equal to 90% (A4) and 98% (A5). 

The lateral minority carrier diffusion length was extracted from the slope of the 

minority carrier density profile at the edge of the illuminated area. We obtained in 

the case of diffusion length of 0.1 µm the same value for the lateral diffusion 

length which is equal to the value of this parameter set in the simulation. As it is 

depicted in figure 40, we obtained the values of 0.43, 0.68 and 0.87 µm for the 
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lateral diffusion length corresponding to the minority carrier diffusion length of 

0.5, 1 and 2 µm, respectively, which were defined in the simulation parameter set 

(see table 8). The extracted lateral minority carrier diffusion length shows a satu-

rating tendency with respect to increasing minority carrier diffusion length de-

fined in the simulation parameter set. Therefore, the low KLn parameters, extracted 

in these cases are due to a 2D effect within which the minority carrier diffusion 

length which seems to be reduced in lateral direction and is not anymore equal to 

the set value. The results of these different approaches indicate that there is anoth-

er parameter or parameters which influence the resolution of the JSC map obtained 

by performing LBIC measurement on the thin-film solar cells. In the following, 

the effect of some parameters, correlated with the Dember effect, the surface re-

combination, the presence of the BSF layer and the p-n junction on the resolution 

of the JSC map are investigated. This study is done in the frame of the 2D simula-

tion. The doping concentration in the emitter layer is also varied in the device to 

evaluate its influence on the JSC map resolution. 

 

Fig. 40: Extracted lateral diffusion length from the slope of the minority carrier density at the edge 

of the illuminated area in the absorber layer for different set minority carrier diffusion length of 

0.1, 0.5, 1 and 2 µm. 

First, we investigate the Dember effect on the lateral distribution of the minority 

carriers at the edges of the illuminated area in the absorber layer of the device. In 

a 2D plot of the simulated device a small lateral electrical field was observed at 

the edges of the illuminated area, which could be generated because of the Dem-

ber effect. As the Dember effect is due to the different mobility of the electron and 

holes, we set both of them to an equal value (150 cm
2
s

-1
) to delete the source of 

this effect. The result of the simulation shows no obvious effect of this parameter 

variation on the lateral minority carrier distribution. Therefore, the Dember effect 

should not affect the lateral spread of the carrier and thus the resolution of the JSC 

map. 
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Fig. 41: Investigating the effect of surface recombination, BSF layer and p-n junction on the lat-

eral distribution of minority carrier. CS1: A p-doped Si without front and back contacts, emitter and 

BSF, CS2: CS1 plus front and back contacts, CS3: CS2 with surface recombination of 10 cms
-1

, CS4: 

CS2 with surface recombination velocity of 10
7
 cms

-1
, CS5: CS2 plus BSF layer, CS6: CS2 plus emit-

ter layer (ND: 1.8×10
17 

cm
-3

), CS7: CS6 plus BSF, CS8: CS6 with high doped emitter (ND: 10
19

 cm
-3

). 
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We investigated further the effect of the surface recombination, the presence of 

the BSF layer and the p-n junction on the lateral distribution of the generated car-

riers. For this purpose, we simulate our device under eight different conditions. In 

the first approach, we assumed just a p-doped thin Si layer with no ohmic contact 

at its front and backside, no emitter layer and also no BSF layer (CS1). In the sec-

ond simulation approach, we added the front and backside ohmic contacts (CS2) to 

investigate the effect of the recombination at these two interfaces on the lateral 

spread of the minority carrier distribution. The third and fourth simulations were 

performed to investigate the surface recombination effect by varying the surface 

recombination velocity of the carriers from 10 (CS3) to 10
7
 cms

-1
 (CS4). The sur-

face recombination velocity in the later condition (CS4) corresponds to the recom-

bination property of the device surface that is ohmic contacted (CS2). Next, we 

added a thin layer of p
+
 doped BSF layer at the bottom of the device (CS5). The 

device in this case has ohmic contacts at both front and backside. To investigate 

the effect of the p-n junction we added the thin emitter layer to the device that has 

no BSF layer (CS6). In this case, the emitter has the doping concentration of 

1.8×10
17

 cm
-3

 (table 8). Afterward, we simulate the complete device with contacts, 

emitter and also BSF layer (CS7). Finally, we investigate the possible effect of 

highly doped emitter layer. For this, we increased the doping concentration in the 

emitter to 10
19

 cm
-3

 (CS8). In cases CS1, CS3 and CS4, no current flows through the 

device, as there is no ohmic contact at the front side (in CS1 also in the backside) 

to collect the generated carriers. However, these cases are not relevant for LBIC 

measurements we discuss them here just to show the effect of back and front side 

contacts on the lateral spread of the carrier distribution. As a result of the simula-

tions, we monitor the minority carrier density in the absorber layer. The results are 

shown in figure 41 for device illuminated with the illumination spot size equiva-

lent to 50× objective. The minority carrier diffusion length default is 1 µm and the 

illumination power density is 70 W/cm
2
. 

In the first case (CS1), excess carriers were generated optically in the absorber lay-

er. The generated carriers could diffuse laterally in both directions away from the 

centre of the illuminated area. By adding the front and back contacts (CS2) the 

lateral spread of the excess carrier density distribution reduced obviously due to 

the surface recombination. The lateral spread of the excess carrier distribution 

decreased by increasing the surface recombination velocity (CS3 and CS4). Next, 

we investigated the effect of the BSF layer on the lateral distribution of the excess 

carriers (CS5). The result shows that the lateral spread increases due to the pres-

ence of the BSF layer. This should be related to the functionality of the BSF layer 

to decrease the recombination of the minority carrier at the backside contact. 

Next, the effect of the emitter layer and the created p-n junction in the device on 

the lateral spread of carrier distribution was evaluated. For this purpose, first we 

simulated a simple p-n junction device with no BSF layer. The result showed that 

in this case the lateral distribution of the electron density decreases. The strong 

vertical electrical field inherently built up in the SCR region of the p-n junction 

draws the optically generated excess minority carriers in the absorber layer verti-
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cally, in the direction where the SCR electrical field acts and where they are swept 

out to yield the diffusion part of the photocurrent. In fact, the p-n junction acts like 

an area of infinite recombination velocity (Vth = 10
7
 cms

-1
). Thus, the possibility 

for the excess electrons to diffuse laterally seems to be more restricted and the 

lateral spread of its distribution profile is reduced. By adding the BSF layer to the 

complete p-n junction device, we observed qualitatively the same behaviour as in 

the case of CS5 (the structure with BSF layer and no p-n junction), so the lateral 

spread of the electron density profile increased (CS7). The doping concentration in 

the emitter layer showed no obvious effect on the simulation results (CS8). 

Figure 42 shows the minority carrier density profile at edge of the illuminated area 

in the absorber layer at a depth of Y = 1 µm for all of the eight investigated cases. 

From the slope of semi-logarithmic plots of the electron density the lateral minori-

ty carrier diffusion was extracted. In the case CS1, the lateral minority carrier dif-

fusion length was equal to 1 µm (Ln in the absorber layer is set to 1µm). In this 

case, the lateral diffusion was not affected by any external parameter. In the other 

cases, the lateral diffusion length was smaller than 1 µm. As figure 42 shows, the 

lateral extension of the electron density distribution and therefore the spatial reso-

lution of the JSC map were not affected just by the minority carrier diffusion length 

in the absorber layer. The lateral distribution of the minority carriers is minimum 

in the p-n junction device with front and backside contacts and no BSF layer. 

 

Fig. 42: Electron density profile at the edge of the illuminated area for eight different investigated 

cases illustrated in figure 41. 

In conclusion, with the help of the 2D simulation we have shown that the IR-

LBIC map obtained by irradiating the device under short circuit condition repre-

sents the real value of the JSC. In addition, it has been shown that the resolution of 

the JSC map by performing IR-LBIC measurement on the thin-film solar cells, 

except for the optically thick absorber layer (d >> Ln), is not just determined by 

the minority carrier diffusion length. The resolution is improved due to the pres-
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ence of the p-n junction and seems also to be influenced by the surface recombi-

nation process underlying the generated excess carriers. The presence of the BSF 

layer in the device structure inspected by the simulation yields a declining effect 

with respect to the resolution criterium discussed here. In our measurement by 

performing IR-LBIC on thin-film solar cells, the lateral resolution in essence 

should be limited by the laser spot size and the depth resolution by the device 

thickness. 

 

6.2.2.3.2 Open Circuit Condition 

The open circuit voltage was extracted from the illuminated I-V simulation results 

under full and local illumination with the illumination area corresponding to 5×, 

50× and 100× magnification objectives of the PHEMOS setup (figure 33). The 

VOC under full illumination is equal to 0.59 V and the same value is expected for 

this voltage under local illumination, as far as the simulated device has no inho-

mogeneity. From the simulation result (figure 33), however, different voltages at 

open circuit condition equal to 0.55, 0.44 and 0.47 V for illumination spot size 

corresponding to 5×, 50× and 100× magnification objectives were extracted. The 

VOC in the case of full illumination is higher than the voltage obtained at open 

circuit condition under local illumination, so that the smaller the illuminated spot 

size, the lower is this value (figure 43). In the following, this difference and its 

dependency to the illumination spot size is discussed in the frame of a 2D simula-

tion. 

 

Fig. 43: The obtained V
*

OC dependent to the illuminated area. The V
*
OC is decreasing due to the 

pseudo 2D and 2D effect by smaller illumination spot size. 

At open circuit condition, the optically generated carriers must recombine within 

the device. It means, the dark forward current should be equal to the photocurrent, 

and thus the net external current should be zero. In PV, when the illuminated area 
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is completely isolated from the non-irradiated part of the cell, the required voltage 

to balance these two currents called the open circuit voltage (VOC). Thus, we 

should distinguish between the voltage obtained at open circuit condition (V
*

OC) 

and open circuit voltage (VOC), which are not necessarily carrying the same infor-

mation. To realize the open circuit condition in our simulated device the corre-

sponding obtained voltage (from illuminated I-V) was applied to the device for 

each illumination condition. The total current density profile under local illumina-

tion (50×) is illustrated in figure 44. The value of the current is represented with 

the colour, while the arrows indicate just the direction of the current in the device.  

 

Fig. 44: The absolute value of the total current density flowing in the device under local (50×) 

illumination at V
*

OC condition.  

As the front contact has no resistivity, the whole device is biased with the same 

voltage. This condition is similar to the ALILE TF solar cell, as the TCO layer 

covered the device acts as a high conductive layer. Hence, independent from the 

size of the illumination spot, the same dark forward current flows at a fixed volt-

age bias through the whole device and even through the non-irradiated part, as it is 

shown in figure 44. But the photocurrent is obviously dependent to the illumina-

tion spot size. The locally induced photocurrent should now compensate not just 

the dark forward current flowing through the illuminated area but also the dark 

current flowing thorough the non-irradiated part of the cell. To keep the balance in 

this condition, the dark current and therefore the forward bias voltage, here V
*

OC, 

should be reduced. The photocurrent reduced further with decreasing the illumina-

tion spot size. Thus, the smaller illumination spot size results in a shift of the open 

circuit condition to the lower voltage (figure 43). This is similar to phenomena 

discussed in the last chapter based on a pseudo 2D simulation using the equivalent 

circuit model of the solar cell under local illumination to discuss the device behav-
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iour at open circuit condition. In this approach, two parts of the solar cell - illumi-

nated and dark areas - considered as two independent parts electrically connected 

in parallel and have no influence on each other. The 2D simulation, in addition, 

points to the fact that the two subcells are not internally independent. There are 

2D effects due to the lateral diffusion of the optically generated carriers which are 

discussed in the following. 

 

Fig. 45: The absolute value of the total current density flowing in the device under local illumina-

tion at short circuit condition (a) and open circuit condition (b). The value of the current is corre-

lating with the colour and the arrows show just the direction of the current in the device. A small 

cross section from the absorber layer of the simulated device around the illuminate area is selected. 
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Figure 45 shows a smaller cross section of the absorber layer of the simulated 

device around the illuminated area under local (50×) illumination for both short 

circuit and open circuit conditions. As figure 37.a shows, that under full illumina-

tion at short circuit condition the photocurrent is flowing vertically and homoge-

neously through the device. Under local illumination at short circuit condition, the 

optically generated carriers diffuse laterally away from the illumination area but 

they still contribute to the photocurrent and flow vertically from the front device 

region toward the rear surface before recombining (figure 45.a). The current den-

sity profile at open circuit condition in figure 45.b shows that the optically gener-

ated carriers diffused laterally into the dark part of the cell, where they partly 

could contribute to the dark forward current. That is the laterally diffused carriers 

flow partly in the opposite direction to the photocurrent. This behaviour should 

result in a reduction of the photocurrent and consequently an increase of the dark 

forward current. Thus, still less bias voltage is required to balance these two cur-

rents to yield the device operation in the open circuit condition. That means, in 

addition to the previously discussed effect the open circuit condition could be in-

fluenced also by the lateral diffusion of the optically generated carriers. This is a 

2D effect which seems hardly to describe within the pseudo 2D equivalent circuit 

approach. 

Figure 46 shows the semi-logarithmic profile of the absolute total current density 

along the X-Plane at Y = 1 µm when the device is at open circuit condition. The 

profile shows that the photocurrent flows in the area (~ 10 µm
2
) between X = 95 

µm and X = 105 µm. Out of this area the dark forward current is flowing in the 

opposite direction through the device (figure 45.b). We calculate the fraction of 

the generated photocurrent contributing to the dark current, which results in ap-

proximately 0.8% of the total induced current. Thus the 2D effect studied here is a 

minor effect with respect to the results yielding the pseudo 2D (equivalent circuit) 

approach at the open circuit condition. 

 

Fig. 46: The semi-logarithmic profile of the absolute total current density along the X-Plane at Y = 

1µm when the device is at open circuit condition. 
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All the above discussed phenomena were discussed on a homogenous simple solar 

cell. The results show that even in this case the voltage obtained at the open cir-

cuit condition is not the VOC, but it is a value that carries information not just 

about the illuminated part but also about the non-irradiated part of the cell and the 

lateral diffusion property of the carriers at the edge of the illumination spot. In real 

devices, the condition is even more complicated. For example in the experimental-

ly investigated solar cell, the absorber layer has inhomogeneous electrical and 

optical properties which make the interpretation of the extracted parameter (V
*

OC) 

more complicated. As already mentioned, the VOC is defined due to the compensa-

tion between the photocurrent and dark current. As in this case, the dark current is 

not flowing just through the illuminated part (figure 45.b) electrical parameters of 

the dark part of the cell influence directly the balance point and thus the local val-

ue of the VOC. 

In summary, by performing the LBIC measurement one can ultimately obtain 

highly resolved spatial maps of the short circuit current, but not of the parameter 

VOC, which is dependent on the dark current-voltage (I-V) characteristic of the 

entire device. Similarly, by means of LBIC measurements the VOC dependent pa-

rameters as Pmp, FF, and η cannot also be extracted. Using a pseudo 2D equivalent 

circuit simulation, a 2D simulation using TCAD Sentaurus and an experimental 

study, we showed that under normal condition (no strong series resistance prob-

lem) voltage dependent solar cell parameters cannot be extracted locally using 

such techniques by local illumination and measuring the electrical characteristic 

of the entire device. However, under some specific condition this technique could 

be used to extract the local VOC. If the voltage could be probed at the illumination 

site, and additionally the series resistance to the rest of the solar cell would be so 

large to electrically isolate the illuminated area and prevent the lateral distribution 

of the current to the rest of the cell, then the result under open circuit condition 

would be close to the VOC. For this purpose, the sample should have no metal grid 

and no TCO layer. The metal grid and TCO are used in the solar cell structure to 

reduce the lateral series resistance and to collect the generated electron hole pairs. 

Therefore, in the absence of the metal grid and TCO layer and by relatively high 

illumination intensity, short wavelength, and large illuminated area [73], the 

measured potential may become close to the VOC. In addition, some work has been 

done to cover this shortcoming of the LBIC technique, such as lock-in thermogra-

phy (LIT) to extract the VOC dependent parameters of multicrystalline solar cell 

under normal condition, although the spatial resolution is limited to 2 mm [51]. 
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6.2.3 Changeover Condition and Laser Power 

In microelectronics failure analysis, the 1064 nm laser wavelength is used for per-

forming backside OBIC measurement on the microelectronic devices. Modern 

microelectronic systems can be up to nine metal layers at the front side that pre-

vent the laser from reaching the active layer. To overcome this problem, meas-

urements are performed from the polished backside and for this the laser power 

should be high enough to stimulate the active layers through several hundred mi-

crometer silicon. Another important issue is that the free (majority) carrier con-

centration determined by doping, which is relatively high in the active layer of the 

microelectronic semiconductor devices ranging from 10
17

 to 10
18

 cm
-3

. Therefore, 

there is a large margin for the laser power to be increased before the laser induced 

excess carrier concentration reaches the high injection operating regime. In some 

cases even the operation regime of the device plays no significant role in the fail-

ure analysis of the microelectronic systems, and just it should be cared not to 

damage the device with a very high laser power. 

By applying the same technique to solar cells, especially in the thin-film technol-

ogy, the situation is more complicated. First of all, the measurement is normally 

not performed in the backside mode and therefore the laser should not travel a 

long way to reach the p-n junction, and secondly the equilibrium free (majority) 

carrier concentration in the absorber layer is lower compared to that in the transis-

tor devices ranging from 10
15

 up to 10
16

 cm
-3

. Thus, the NIR-laser induced operat-

ing regime of the solar cell has to be studied more carefully, because the transition 

from low to the high injection regime is crucial for characterization of the solar 

cell. The result of such an optical measurement is strongly dependent on the re-

gime the solar cell is operating. In some cases, such as the concentrated solar cell, 

device operation under the condition of high injection is relevant. Normally, 

though, solar cells are investigated under the condition of low injection which is 

the operating regime in use. In the low injection regime (the laser induced excess 

carrier concentration is well below the equilibrium free (majority) carrier concen-

tration) the solar cell’s behavior is described by the minority carrier diffusion and 

drift current, resulting from electron/hole generation in the neutral and the space 

charge region (SCR), respectively. In the silicon based solar cell under low injec-

tion, the recombination/generation processes are mainly due to the recombination 

and generation via recombination centers (SRH recombination). Under this as-

sumption, the electrical and material parameters of the solar cell are then extract-

ed.  

In the high injection regime, the operation of the solar cell is more complicated. In 

this case, the influence of the majority carriers on the current transport mechanism 

must be considered in addition to the minority carrier current flow. Moreover, Au-
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ger recombination can dominate the recombination process, which can lead to an 

extracted lifetime which appears to be very short and does not correspond to the 

lifetime that is important for the conventional operation of the solar cell. The 

Dember effect can also influence the results due to the increased difference of the 

electron and hole mobilities in the high injection regime. Furthermore, the plasma 

frequency of the carriers can reach the frequency of radiation and therefore reflect 

the incident beam. Another possible effect is the activation of additional recombi-

nation centers in the illuminated surface and in the bulk that can degrade the de-

vice’s performance [43], [75]. Finally, the injected electron/hole pairs can create a 

so-called Space Charge Limited Current (SCLC) that affects the carrier mobility 

and consequently the related parameters [76]. Therefore, to interpret the experi-

mental results of such measurements, it is crucial important to determine if the 

solar cell is operating in either the low or the high injection regime. In the follow-

ing, a corresponding changeover condition from the low to the high injection re-

gime in terms of an NIR-laser power density limit is discussed based on three dif-

ferent approaches: analytic investigations, a 2D simulation using the TCAD 

Sentaurus program, and finally the PVD (Photovoltage Decay) measurement 

technique. 

 

6.2.3.1 Analytic Investigation 

In this section, efforts have been made in the frame of an analytic investigation to 

make a better understanding of the simulation and also the experimental results 

presenting in the next sections to investigate the changeover condition while per-

forming IR-LBIC measurements on thin-film solar cells. We begin the discussion 

with the simplest case, where a doped homogeneous semiconductor with no re-

combination at its surface and backside, is illuminated homogenously all over its 

surface with a coherent light. Afterward, we discuss the effect of the backside and 

surface recombination on the changeover condition in the same structure under the 

same optical condition. Then, the carrier injection in a p-n junction device and the 

effect of the SCR region on the excess charge carrier density under a homogene-

ous illumination are investigated. Finally, the 2D excess charge carrier density 

distribution in a p-n junction under local illumination with the presence of a re-

combination center, e.g. grain boundary, in the vicinity of illumination spot is dis-

cussed. 

As a first approach, we assume a p-type silicon substrate with homogeneous dop-

ing concentration of P0 (equilibrium hole concentration due to the doping) that is 

uniformly illuminated all over its surface with a coherent light. The sample is op-

tically thin (α.d << 1, where d is the sample thickness). Therefore, all over the 

sample the generation rate is the same and constant. The transition from the low to 

the high injection (changeover condition) in the p-doped silicon substrate happens 
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when the minority excess charge carrier (∆n) comes to P0. The optical generation 

rate (G) under a uniform illumination is expressed as [43]: 

)()( 00

2 pnnppnAnnpAG RiR   (6.7) 

where, AR is the recombination rate constant depending on the recombination 

mechanism. n and p are the electron and hole density concentration, respectively. 

When ∆n = p0, the changeover condition, this expression can be simplified as: 
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In the case of optical injection, the optical generation rate is expressed as: 

G  (6.9) 

where α and Ф are the absorption coefficient and the number of photon incident 

per second on unit area of the surface, respectively. Thus, the changeover condi-

tion can be defined as: 
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Considering the definition of the minority carrier lifetime, which is anti-

proportional to the product of AR.p0, the Eq.(6.10) can then finally be expressed as 

[43]: 
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where τn is the minority carrier lifetime. Multiplying ФChangeover by (hc/λ) produces 

the corresponding laser power density, where h is the Plank constant, c is the light 

velocity and λ is the laser wavelength. This simple equation results in a value as a 

changeover condition for the whole substrate. The changeover condition is strong-

ly dependent on the absorption coefficient and therefore the wavelength of the 

applied laser and also on the minority carrier lifetime. The higher the wavelength, 

the smaller is the absorption coefficient. Therefore, for the LBIC measurement 

using higher wavelength the changeover condition is increased and higher laser 

power can be applied to the sample while the solar cell is still operating in the low 

injection regime. 
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The absorption coefficient at the NIR-laser wavelength of 1064 nm is several or-

ders of magnitude smaller than the typical wavelength range (500 - 600 nm) used 

for the LBIC measurement in the photovoltaics to investigate the solar cell per-

formance. The absorption coefficient of the 1064 nm laser in the monocrystalline 

Si is ~10 cm
-1

, and in the poly-Si is ~213 cm
-1

 (approximately 20 times higher). 

Assuming a silicon based thin-film solar cell with the thin poly-Si absorber layer 

(~2 µm) with doping concentration of 10
16

 cm
-3

 and relatively low minority carri-

er lifetime of 2.5 ns (similar to ALILE TF solar cell), the calculated changeover 

condition based on the Eq.(6.11) results in 3.75×10
26

 m
-2

s
-1

, which is about 7×10
3
 

W/cm
2
. In the case of samples with higher carrier lifetimes, the situation becomes 

even more critical.  

The maximum laser power density that can be applied to the device using differ-

ent objectives of the PHEMOS setup are illustrated in table 5. The laser power can 

be varied from 1% up to 100% of the maximum laser power keeping the same 

laser spot size. Based on the extracted value for the changeover condition and 

considering the minimum possible laser power density, the laser power density of 

the IR-LBIC setup is at the limit of the changeover condition for this sample and 

one should be careful with the laser power to keep the device in the low injection 

operating regime. Although, by considering the surface and backside recombina-

tion, the existence of a recombination center, e.g. grain boundary, within the de-

vice, and influence of the p-n junction and its SCR, the margin for the laser power 

and therefore the changeover condition could be extended. Considering these ef-

fects, the excess charge carrier density could not be anymore determined with just 

a value, but its profile varies with the depth and its maximum shifts from the sur-

face into the substrate. 

To determine the excess charge carrier density profile under more realistic condi-

tion, we go one step further and assume an optically thick p-type silicon substrate 

with backside and surface recombination and the reflection at the surface. In this 

case, the current and continuity equations can be solved using two appropriate 

boundary conditions at the surface and backside of the sample [2]: 
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where sn and Dn are the electron surface recombination velocity and electron dif-

fusion coefficient, respectively. The first boundary condition describes the de-

crease of the generated electron density at the surface though surface recombina-

tion and the second one guarantees the full recombination of the generated excess 
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charge at the backside. The physical reason of the second boundary condition is 

either due to the recombination at the metal contact or low diffusion length in the 

substrate. Applying these boundary conditions under steady state condition and 

assuming low injection and quasi-neutrality in the substrate results in the excess 

charge carrier density in the silicon substrate [2]: 
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where Ln and G0 is the electron diffusion length and the generation rate at the sur-

face, respectively.  

 

Fig. 47: Geometry and excess charge carrier density profile in a homogeneous p-type silicon, 

which is illuminated with a coherent light all over its surface. The backside and surface recombina-

tion are not ignorable [2]. R(λ) is the reflection at the device surface. 

In the Eq.(6.13), we assumed an absorber with an infinite length. The excess 

charge carrier density is described here by two exponential functions depending 

on the absorption coefficient (α) and minority carrier diffusion length (Ln). The 

first parameter (α) is wavelength dependent. The profile of the excess charge car-

rier density is illustrated in figure 47 that shows the dependence of excess charge 

carrier density on the depth (y) in the sample. The profile shows a maximum at 

ymax which is not at the sample surface but about two diffusion lengths deep in the 

semiconductor. The shift of the maximum point is due to the surface recombina-

tion. At this point, two diffusion currents flow in opposite directions which results 
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in the profile decay in both directions away from ymax. Due to the recombination at 

the surface and the backside of the sample, the maximum excess minority charge 

carrier density is less than the value obtained in the first approach. Therefore, the 

changeover condition has a larger margin due to surface and backside recombina-

tion. Assuming an optically thin sample (αd << 1) with no recombination at the 

surface (sn = 0) and backside of the sample (Ln << d) the Eq.(6.13) can be simpli-

fied to the Eq.(6.11), resulting the maximum possible value for the changeover 

condition at the surface. 

In the last two approaches, we discussed the response of the p-doped silicon sub-

strate under illumination. To come closer to the solar cell behavior under illumina-

tion, in the next approach we assume an abrupt n
+
-p junction under a homogenous 

illumination using a coherent light source with the wavelength in the NIR range. 

Furthermore, we discuss the local effect of the IR-LBIC measurement. Because of 

the longer wavelength of the applied laser in relation to the thickness of the emit-

ter layer (a-Si) and also the higher bandgap energy of the a-Si compared to the 

photon energy of the light in the NIR wavelength, the observed activity provides 

mainly information on the p-doped poly-Si layer. Therefore, the transition from 

the low to high injection (changeover condition) in the p-type layer happens when 

∆n comes to p0. Similar to two previous cases, the current and continuity equa-

tions should be solved resulting in a 2’nd order differential equation. The solution 

of this equation is given by: 
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where dem is the emitter thickness. To determine the two unknown coefficients, C1 

and C2, two appropriate boundary conditions should be satisfied. The first one 

describes the carrier concentration at the edge of the SCR, and another one shows 

the fully alteration of the minority carrier diffusion current to the recombination 

current at the backside of the sample [2]: 
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where wp, V and VT is the width of the SCR in the neutral p-doped layer, the ap-

plied voltage and the thermal voltage, respectively. The obtained 2’nd order dif-

ferential equation then can be solved for these two boundary conditions. The re-

sult can be written as [2]: 
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The similar equation can also be obtained for the excess minority carrier density 

(∆p) in the n
+
 doped emitter layer by replacing the corresponding electrical, opti-

cal and geometrical parameters of the emitter layer. The excess charge carrier den-

sity in a n
+
-p junction under uniform illumination obtained from the above equa-

tion is illustrated in figure 48. At the backside of the sample, the excess charge 

carrier is zero and the profile in the absorber layer shows a similar behavior as the 

one by homogenous p-type silicon of the previous case. The difference is the posi-

tion of the maximum value that in this case is at about a diffusion length away 

from the SCR edge. The maximum excess charge carrier density is less than the 

last two cases due to the recombination at the surface and backside and also due to 

the effect of the SCR layer, which draws the optically generated carriers. This is 

the model which is used in the next section by the simulation tools to investigate 

the changeover condition in the device. 

 

Fig. 48: n
+
-p junction under illumination through the emitter layer [2]. The surface and backside 

recombination are considered to determine the excess charge carrier density.
 

In the last three cases, the device was illuminated uniformly all over its surface, 

which is not the case for LBIC where the device is locally illuminated. The effect 

of the local illumination was discussed in the previous chapter. Here, we complete 

the discussion by characterising the excess charge carrier profile under local illu-
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mination, specially in the case of poly-Si absorber layer with the existence of 

grain boundary acting as a recombination centre in the vicinity of the laser beam 

spot. The laser beam illuminates a small area at the surface of the device and the 

generated excess charge carriers diffuse laterally in both sides, which results in 

two diffusion currents flowing laterally in opposite directions. Under local illumi-

nation, the minority carrier concentration profile shows an exponential decay in 

both directions away from the laser beam spot, where the minority carrier concen-

tration is at its maximum. An important issue in this case is that the recombination 

centre activity influences directly this maximum value and therefore the changeo-

ver condition. The alterations of these parameters are dependent on the distance of 

the recombination centre from the laser beam spot and its activation level. Higher 

recombination activity and shorter distance to the laser beam spot result in the 

lower minority carrier concentration [77]. Consequently, the changeover condition 

would be shifted further in the case of the sample having relatively high surface 

recombination, backside recombination and high density of the recombination 

centres, e.g. grain boundaries, distributed over the solar cell. It means that the de-

termination of a value for the changeover condition is not an easy work and is 

strongly dependent on the sample structure and type of the investigated solar cell. 

 

6.2.3.2 Simulation Based on Experimental Results 

In this section, we simulated the device model developed in section 6.2.2.3 for a 

thin-film solar cell using the TCAD Sentaurus program under different illumina-

tion conditions to study and determine the changeover condition and the parame-

ters that may influence it. Combining the result of the analytic approach with the 

simulation can provide us more insight into the PVD experimental results present-

ed in the next section. For this purpose, the same device structure and parameters 

are used as the one developed for studying the local illumination effects in chapter 

6.2.2.3. 

The minority and majority carrier density in the device are depicted in figure 49 as 

a result of the simulation under different illumination intensity. Figure 49.a shows 

the results for low illumination intensity range of 7, 70 and 700 W/cm
2
 and figure 

49.b shows the results for high illumination intensity including 7×10
3
, 7×10

4 
and 

finally 1×10
5
 W/cm

2
. In both figures, the electron and hole density in the equilib-

rium condition is also illustrated as red and black curves with circle symbol, re-

spectively. By applying the power density of 7 W/cm
2
, the minority carrier density 

(red curve in figure 49.a) in the absorber layer is much lower than the free (major-

ity) carrier concentration in the equilibrium condition and the device is operating 

in the low injection regime. The electron density profile by applying higher illu-

mination intensity of 70 and 700 W/cm
2
 (figure 49.a) shows the similar behavior, 

so that the device still operates in the low injection regime. By further increasing 
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the illumination intensity to 7×10
3
 W/cm

2
, the minority carrier density approaches 

to the same level as the equilibrium majority carrier concentration (black curve 

with circle symbol). 

 

Fig. 49: The minority and majority carrier density as result of the device simulation in dark and 

under illumination by applying different illumination power density. The electron density is lower 

than the majority carrier density by applying power density of 7, 70 and 700 W/cm
2
 (a). The elec-

tron density approaches changeover condition by power density of 7×10
3
  W/cm

2
 (b) and by fur-

ther increase to the laser power density of 7×10
4
 and 1×10

5
 W/cm

2
 the electron density comes to 

the level higher than the hole density in the absorber layer at the equilibrium condition. 
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To have more comparison with the experimental results, the effect of TCO layer 

on the incident light should also be considered. In our simulated device, the TCO 

layer is not built on the emitter layer. Thus, the reflection of the applied light with 

the wavelength of 1064 nm at this layer should be considered in addition for de-

termining the changeover condition. Considering 17% reflection at the TCO layer 

surface, the power density of ~8.43×10
3
 W/cm

2
 is required to obtain 7×10

3
 W/cm

2
 

power density in the device. At this power density, the device is approaching the 

transition from low to the high injection regime (changeover condition). The max-

imum electron density in the device under local illumination is about 7.7×10
15

 cm
-

3
 and is close to the majority carrier density (10

16
 cm

-3
). This power density is 

close to the value obtained with the one of the simplest analytical investigation 

considering a p-doped Si with no front and backside contacts under illumination. 

This result is, however, obtained only for a point as maximum value of electron 

density profile in the depth of the absorber layer (figure 49.b). 

As discussed in some details based on analytic investigation in the previous chap-

ter, the changeover condition in a real p-n junction device having front and back-

side contact can be achieved at higher illumination intensity. This fact could ex-

plain the shift in the changeover condition in the simulated device. By applying 

higher power density of 7×10
4
 and 1×10

5
 W/cm

2
 the minority carrier density in-

creases further and stays obviously above the equilibrium majority carrier density 

in the absorber layer, where the device is operating in the high injection regime 

(figure 49.b). 

 

6.2.3.3 Experimental Investigation 

The OCVD (Open Circuit Voltage Decay) is a well-known characterization tech-

nique used to study the transient response of the device and to determine the mi-

nority carrier lifetime in a semiconductor p-n junction device. In this method, the 

device is biased in the forward direction for a long enough time to attain a steady 

state. The excess charge carriers (ECC) are injected electrically or optically in the 

p-n junction. In the case of optical excitation, this technique is called PVD (Pho-

tovoltage Decay). Then the excitation would be switched off and the excess 

charge carriers decays to zero, while keeping the device under the open circuit 

condition. In the ideal case, the high and low injection carrier lifetimes are then 

evaluated from two distinct regions of the voltage transient, which is determined 

in figure 50 with the corresponding lifetime in the high (hI) and low (lI) injection 

regimes [78], [79]. Therefore, one could be able to determine the laser power as-

sociated with the changeover condition. In this study we implemented the PVD 

measurement based on the PHEMOS setup to investigate experimentally the 

changeover condition. 
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Fig. 50: The ideal result of the OCVD and PVD measurement used in microelectronics to deter-

mine the carrier lifetime in a semiconductor device [79]. 

The result of the PVD measurement performed on the ALILE TF solar cell for 

different applied laser power densities using 5× magnification objective is shown 

in figure 51. The averaged laser power density is calculated by considering the 

maximum laser spot size defined in table 5. The laser power varied from 2% up to 

80% of its maximum, equivalent to 2×10
3
 and 8×10

4
 W/cm

2
, respectively. The 

solar cell active area is about 7.64 mm
2
. 

 

Fig. 51: The results of the PVD measurement performed on the ALILE TF solar cell. The laser 

power density varied from 2×10
3
 up to 8×10

4
 W/cm

2
. 

As it is seen from figure 51, there is no clear linear region in the V
*

OC decay curve 

and therefore no changeover point from the high to low injection operating regime 
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could be determined. The result shows an exponential decay behaviour that is al-

most independent of the applied laser power. The reason is that in real devices 

including solar cells, not just the recombination in the bulk but also many other 

parameters, such as the recombination in the space charge region (SCR) and emit-

ter, capacitive effects, finite base width and shunt resistance influence the decay 

behaviour of the device under the condition of open circuit [79]. The effect of 

some of these parameters on the voltage decay is depicted in figure 48 [78]. Each 

of the above parameters affects the decay mechanism differently and makes the 

interpretation of the result harder and more complicated. The result of the V
*

OC 

decay measured here seems to be governed by the junction capacitance, which can 

be due to the low minority carrier lifetime in the absorber layer [79], [80]. If one 

tries to extract the minority carrier lifetime from a small time interval very near to 

the initial V
*

OC decay, the obtained value will be much higher than the expected 

value. It is obviously not possible to determine a changeover condition based on 

these results. As an attempt, we have considered another approach to determine 

the device operating injection regime by using the illumination intensity depend-

ence of the V
*

OC. 

 

Fig. 52: The effect of different parameter of the p-n junction on the result of the OCVD and PVD 

measurement [78], [79]. 

As it is described in Eq.(3.5), the voltage of an abrupt asymmetric p-n junction 

under low injection and open circuit condition is a logarithmic function of the 

short circuit current density (JSC) and therefore the light intensity [2]. But in the 

very high injection regime, where the excess carrier density is higher than the 

equilibrium free (majority) carrier concentration, this voltage saturates [81]. The 

saturated voltage should be equal to the diffusion potential plus the Dember po-

tential. In some cases there is a deviation from the expected value. This deviation 

is due to the complexity of the device operating mechanism in the high injection 

regime, which can be influenced by the difference of the diffusion coefficient of 

electron and hole at high injection, Auger recombination, and introducing new 

recombination centres on the surface and in the bulk of the cell [75]. Despite the 



 130 

complexity associated with the saturated open circuit voltage at the high injection 

level, qualitatively we expect a logarithmic dependency of the V
*

OC under low 

injection condition and the presence of a saturation tendency of the voltage under 

high injection condition. 

Figure 53 shows the V
*

OC measured in the ALILE TF solar cell versus the 

log(IAvg), where IAvg is the averaged laser power density. The measurement was 

performed using the objective with 5× magnification and the laser power density 

varying from 3×10
3
 up to 8.5×10

4
 W/cm

2
. The red line shows the logarithmic fit 

of the measured data. The diagram shows deviation of the measured data from the 

fit and the tendency of the V
*

OC data to saturate from about 8×10
3
 W/cm

2
. There-

fore, we would conclude that the solar cell irradiated with a laser from this power 

density is not operating in the low injection regime, so that the excess carrier con-

centration is near or higher than equilibrium free (majority) carrier concentration 

in the absorber layer but still less than the one in the emitter layer [75]. This result 

is in the similar range like the changeover value suggested from analytic investi-

gation and also 2D simulation using TCAD. 

 

Fig. 53: The measured voltage under open circuit condition of the ALILE TF solar cell depends on  

the applied laser power density in the rage of 3×10
3
 up to 8.5×10

4
 W/cm

2
. The result is depicted 

versus log(IAvg). The red line shows the logarithmic fit to the measured data. 

In addition, we performed PVD measurements under same condition on a semi-

conductor n
+
-p crystalline Si diode based on 650 nm Siemens technology. The 

result provided us a direct comparison of the conditions in a standard microelec-

tronic device with a complex solar cell structure. The emitter window was formed 

by n
+
 diffusion in the p-well and had an active area of 10000 µm

2
. Due to the low-

er absorption coefficient in the crystalline Si compared to the poly-Si and also 

higher doping concentration in the investigated diode compared to the solar cell, 
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the changeover condition was expected to be shifted to the higher laser power 

density. The result of the measurement is depicted in the figure 54 and shows, in 

contrast to the solar cell (figure 53), a clear logarithmic dependence in the applied 

laser power density range. Thus we could conclude that in this laser power range, 

the device is operating in the low injection regime. 

 

Fig. 54: The measured voltage under open circuit condition of the n
+
-p crystalline Si based diode 

depends on  the applied laser power density in the rage of 3×10
3
 up to 8×10

4
 W/cm

2
. The V

*
OC is 

depicted versus log(IAvg) and the red line shows the logarithmic fit to the measured data. 

 

6.2.4 Setup Instability for Quantitative Analysis 

The PHEMOS 1000 is a tool to localize failures in microelectronic devices and is 

not oriented for quantitative measurements on the semiconductor devices like so-

lar cells. Therefore, one can have difficulty when performing quantitative analy-

sis, when several measurements should be performed on the same area under dif-

ferent electrical or optical conditions. The IR-LBIC and EL measurements can be 

performed on a solar cell under different conditions to extract some electrical and 

material parameters and to determine the interaction mechanisms. For this pur-

pose, several EL or IR-LBIC measurements should be performed one after each 

other on the same area of the investigated sample. The first challenge for perform-

ing such measurements is managing and processing a huge amount of the data, 

which have to be processed manually by the user. Another challenge is the insta-

bility of the system. Despite the high resolution and high accuracy of the results, 

the obtained images are not spatially aligned. This makes the results unreliable for 
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further processing. The observed misalignment is highly probable because of the 

instability of the stage and dark room of the setup due to the temperature change. 

This problem leads to a smooth displacement of the images obtained as EL or IR-

LBIC maps. The displacement is generally just several pixels between consecutive 

images, which are worse using higher magnification objectives and longer meas-

urement time. However, even this small displacement can mislead the data pro-

cessing and the final results. The correction of this displacement is very crucial 

while developing the data processing program. 

Some failure analysis tools such as PHEMOS generate output images in TIF32 

format, which is one of the sub-formats within TIFF image. TIF32 is characterized 

by having 32 bits per sample. Therefore, they are useful for representing CMYK 

(Cyan Magenta Yellow Black) or RGB (Red Green Blue) images with an extra 

alpha channel for enhanced contrast. Both formats require four different values 

per pixel. TIF32 stores one byte for each of these values. Few failure analysis 

tools and image processing software support this image format, thus, the data pro-

cessing based on that is a difficult and complex task. After an attempt to find the 

appropriate software to handle this task, we chose MATLAB (matrix laboratory) 

for further processing of the obtained results. 

This alignment process is realized by locating image features between each pair of 

images, and then aligning the rest of the images. In figure 55, the whole alignment 

process is illustrated on two images obtained by IR-LBIC measurements on the 

ALILE TF solar cell. Two images are obtained by applying different laser power. 

As it can be seen in figure 55, these two images are not well aligned and there is a 

displacement in x and y direction, which should be corrected before further pro-

cessing. Afterward, the data, which are saved as a matrix of integer values, are 

ready for further processing. We can then apply different algorithms on the whole 

or an arbitrary area to finally match images and obtain a reliable result in a rea-

sonably short time. 

We applied a mathematical tool called correlation, which is also known in this 

context of two dimensional (2D) matrixes or images as template matching to align 

the images in the MATLAB. Template matching is a technique in digital image 

processing for detecting small parts of the image (left image from figure 55.a) 

which matches the template image (right image from figure 55.a). In this method, 

Fast Fourier Transform (FFT) based convolution technique is used to perform the 

correlations, which then will be used to locate features within images. Convolu-

tion is equivalent to the correlation if the convolution kernel be rotated by 180° 

(2×90°): 

Correlated Image = real (IFFT (FFT (Image).* FFT (rot2×90 (Template)))); 
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a)

b)

c)

d)

a)

b)

c)

d)

 

Fig. 55: Two images obtained by performing IR-LBIC measurement on a ALILE TF solar cell by 

applying different laser power on the same area. The left image is the one obtained by applying 

50% of the maximum laser power using 100× objective and the right one by 5% (a). As a first step, 

the template has been selected and then rotated by 2×90° (b), then the displacement between two 

consecutive pictures has been defined (c), and with further processing (cutting) (d), two images 

were aligned. This process will be performed further until all images are aligned [82]. 

It represents a convolution of the rotated template image (red square at the center 

of the image 55.a (right)) with the first image (right image from figure 55.a), 
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which is equivalent to the correlation process. FFT function returns the Discrete 

Fourier transform (DFT) of a vector, computed with a FFT algorithm. IFFT func-

tion returns the inverse Fast Fourier Transform of a vector. The result of this 

mathematical procedure is an image or matrix as big as the first image. The max-

imum value of the obtained matrix represents the match position of the bottom 

right corner of the template (small rotated picture) with the first image (figure 

55.c). Knowing the coordinates of that maximum correlation value, it is possible 

to find out the spatial displacement between two consecutive images. Afterward, 

by cutting the edges of both images, as is showed in figure 55.d, we obtain aligned 

images having the same size. By a further similar procedure, it is possible to align 

rest of the images. 

There are still some problems which cannot be resolved using this alignment pro-

cedure. The most important issue is the displacement in the vertical direction (fo-

cus). The focus of the camera changes over the time and the only solution for this 

challenge is refocusing manually once in a while during the measurement, alt-

hough even the refocusing is not a guarantee of equity of the images. Because the 

human eye is very subjective at this level of precision and the setup itself is not 

optimized for such a purpose. Therefore, in a series of measurements, some of the 

images will be rejected by the program because they are not adjustable to rest of 

the images. 
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7 Results and Discussions 

In the previous chapter we discussed the challenges to transfer the characterization 

technique developed in the microelectronics to the photovoltaics with the focus on 

the IR-LBIC measurement. With this information, the results of the IR-LBIC 

techniques performed on the ALILE TF solar cell are discussed in this chapter. 

The c-Si TF (reference cell) and the e-beam TF solar cells were measured to pro-

vide a comparison and to help evaluating and interpreting the results obtained 

from the ALILE TF solar cell. Before that, some PV characterization techniques, 

discussed in section 3, were applied to the samples as complementary measure-

ments to allow evaluating the validity of the IR-LBIC results. For this purpose, 

first the results of the dark I-V and its temperature dependence are presented. Af-

terward, the EL, ReBEL and IR-LBIC results are discussed and the attempts are 

made for using the specific ability of these techniques and setups to investigate 

and characterize thin-film solar cells. 

 

7.1 Electrical Characterization 

In table 10, the electrical parameters of the three investigated thin-film solar cells 

are listed. These parameters were extracted from light I-V measurement results by 

the producer, the Helmholz Zentrum Berlin (HZB). 

Sample 
JSC 

[mA/cm
2
] 

VOC 

[mV] 

FF 

[%] 
 

[%] 

RS 

[Ωcm
2
] 

RSH 

[Ωcm
2
] 

ALILE TF 9.6 368 60 2.1 6.1 807 

c-Si TF 14.5 578 80 6.6 1 77×10
3
 

e-beam TF 10.5 461 62.7 3 6 4×10
3
 

Tab. 10: Electrical characteristics of the investigated samples: ALILE TF, c-Si TF and e-beam TF 

solar cells. These parameters are extracted from light I-V curves by producer (HZB). 

The c-Si TF solar cell shows the highest efficiency and Fill Factor (FF) due to 

both its high short circuit current density and open circuit voltage. This sample is 

also characterized by low series resistance and high shunt resistance in compari-

son to the other two investigated thin-film solar cells. As it was mentioned in 

chapter 4, the c-Si TF solar cell is based on the structure similar to the ALILE TF 
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solar cell. Thus, it is mainly used during our study as a reference solar cell to pro-

vide a direct comparison to the ALILE TF solar cell. The e-beam TF solar cell is 

based on a different crystallization technology with better electrical characteristics 

than the ALILE TF solar cell. The investigation of these two poly-Si TF solar cells 

allows us to compare two different well developed thin-film production technolo-

gies. 

 

7.1.1 Dark I-V Characterization 

The dark current-voltage (I-V) characteristics were obtained using a semiconduc-

tor parameter analyzer (HP4145B) controlled with a LabVIEW program. The de-

vice was connected using manipulators and needles while being mounted on the 

chuck. The current (I) was divided by the corresponding area of the investigated 

solar cell to obtain the current density (J). The dark J-V characteristics of the in-

vestigated solar cells, including c-Si TF, ALILE TF and e-beam TF solar cells are 

presented in figure 56. In the reverse bias, the current is several orders of magni-

tude smaller in the c-Si TF solar cell compared to the other two investigated thin-

film solar cells. The measured dark I-V characteristics of the ALILE TF and e-

beam TF solar cells, especially their high current in the reverse bias, indicate that 

both samples have relatively poor electrical characteristics as a p-n junction diode, 

e.g. low shunt resistance and high series resistance (table 10). 

 

Fig. 56: Semi-logarithmic plot of dark J-V characteristics of the c-Si TF, ALILE TF and e-beam 

TF solar cells. The applied voltage range is between -1 and +1 V. 
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The semi-logarithmic dark J-V plot of the c-Si TF solar cell shows a linear behav-

ior in the voltage range of +0.1 up to +0.6 V and exhibits the ideality factor of 

1.76 (figure 56). The high ideality factor (nid > 1) indicates that the recombination 

current in the SCR is the dominant current in the investigated solar cell. In the 

reverse bias, the current increases slightly with the absolute value of the applied 

voltage so that it could be fitted in the voltage range of 0 up to -1 V by a square 

root function as was expected by voltage dependence of the generation current to 

the voltage. However, from the voltage of -1 up to -2 V the reverse current follows 

a power law voltage dependence (Ish = |V|
ν
), with the power exponent (ν) equal to 

1.28. This characteristic can be approximately addressed as an ohmic shunt (see 

figure 57.a). 

The semi-logarithmic dark J-V plot of the ALILE TF solar cell (in the forward 

bias) is linear in a narrower voltage range from 0 up to +0.4 V (figure 56). The 

series resistance effect in this thin-film solar cell is more obvious compared to the 

c-Si TF solar cell, which is also shown in table 10. The semi-logarithmic J-V 

characteristic of the ALILE TF solar cell exhibits an ideality factor greater than 2 

(~2.56) in the linear voltage range. The dark J-V curve could not be fitted in the 

reverse bias by a square root function (no generation current) but obey a power 

law voltage dependence (Ish = |V|
P
) with power exponent of 2.68 in the voltage 

range of 0 up to +2 V that is an indication of a non-ohmic shunt, which is active 

from low voltage range (see figure 57.b). There is no symmetry around 0 V, so 

that the forward and reverse bias currents do not overlap each other, which means 

the SCL current is not the origin of the shunt and the cleaning process could not 

be used to remove the shunt current from the J-V characteristic. A more complex 

interaction mechanism is involved in the recombination/generation process in 

such device, which could be analyzed using more advanced failure analysis tech-

niques such as EL and ReBEL. 

The semi-logarithmic J-V characteristic of the e-beam TF solar cell shows a line-

arity in the same voltage range (from 0 up to +0.4 V) as that in ALILE TF solar 

cell, which was expected due to the similar series resistance of these two samples 

(figure 56). The ideality factor of the e-beam TF solar cell is also higher than 2 

equal to 3.71. The reverse bias behavior of this sample shows power law voltage 

dependence with power exponent of 2.21 in the voltage range of 0 up to -2 V (see 

figure 57.c). Therefore, in this sample also a non-linear shunt affects the J-V char-

acteristic of the device. The symmetry around 0 V was also not observed in this 

sample, that means the SCL could not be the origin of the non-ohmic behavior and 

thus the shunt cleaning process could not be used to extract the correct ideality 

factor. 
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Fig. 57: The dark J-V plot of the c-Si TF, ALILE TF and e-beam TF solar cells in the reverse bias 

from 0 up to -2 V. The non-ohmic shunt effect on the J-V plot is obvious in the e-beam and ALILE 

TF solar cells. 
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7.1.2 Temperature Dependence of Dark I-V Characteristics 

A thermo chuck system (TP03000A1) with a temperature range of -65 up to 200 

°C and a temperature accuracy of 0.5 °C is used to study the temperature depend-

ence of the saturation current and reverse current flowing through the p-n junction 

of the c-Si TF and ALILE TF solar cells. The temperature dependence of electrical 

characteristics of the ALILE TF solar cell was investigated in the temperature 

range of -25 up to +70 °C (figure 58) in darkness and compared with the c-Si TF 

solar cell. A flow of dry nitrogen gas is used to act as a shield to prevent ice accu-

mulation on the sample surface. The temperature has been measured with a K204 

digital thermometer through two channels using two type-K thermocouple tem-

perature sensors mounted on the surfaces of the samples. 

 

Fig. 58: Semi-logarithmic plot of the dark I-V characteristic of the ALILE TF solar cell, in the 

temperature range of -25 up to +70 °C. The inner window shows the temperature dependence at 

reverse bias from -1.9 to -2 V [57]. 

The ideality factor of c-Si TF solar cell increases by temperature and approaches 

2. From the applied voltage of +0.6 V the current dependence on the temperature 

was linear, which is an indication that the series resistance governs the I-V behav-

ior. In the lower forward bias voltage range (< +0.6) and at the reverse bias the 

temperature dependence is exponential which shows the dependence of the satura-

tion current on the temperature. 

The activation energy values from the temperature dependence of the saturation 

current were extracted for both c-Si TF and ALILE TF solar cells. The activation 

energy was determined from the saturation current of the c-Si TF solar cell which 

was extracted by extrapolation of the semi-logarithmic I-V curve in the linear re-
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gime. The obtained activation energy for the c-Si TF solar cell is equal to 0.64 eV. 

This value is close to that expected from the theory for the monocrystalline Si 

solar cells [83]. The activation energy was also extracted in the reverse bias that 

reduces by increasing the absolute value of the voltage and is equal to 0.55 and 

0.44 at -1 and -2 V, respectively. The behavior of the ALILE TF solar cell is more 

complex than the reference cell. In contrast to the c-Si TF solar cell, the ideality 

factor reduces by increasing the temperature and approaches 2 (nid = 2.68 in room 

temperature). A linear temperature dependence of the current is observed to be 

similar to the reference cell in the high forward bias range (> + 0.6 V) and it could 

be explained similarly with the effect of the series resistance. The temperature 

dependence shows an exponential behavior in both the low forward and low re-

verse bias ranges. By increasing the absolute value of the reverse bias voltage the 

tendency to the linear behavior was observed. The activation energy of the satura-

tion current for the ALILE TF solar cell was also similarly determined, which was 

equal to 0.192 eV (figure 59). There is a substantial difference between the activa-

tion energy obtained from the saturation current of c-Si TF and ALILE TF solar 

cells. The activation energy of the ALILE TF solar cell is considerably lower than 

the reported value of |EC - EF|. This discrepancy cannot just be explained with the 

smaller bandgap in the poly-Si material, but it could reflect the contribution of the 

traps in the recombination process (|ET - EF|), where the ET is the trap energy level 

[83].  

 

Fig. 59: Arrhenius plot; Activation-energy value derived from the temperature dependence of the 

reverse current flowing through the ALILE TF solar cell, when it is biased at -1 and -2 V and the 

saturation current obtained by extrapolation of the semi-logarithmic I-V curve in the linear regime 

[57]. 

The activation energy of the reverse current has been also calculated for ALILE 

TF solar cell. The Arrhenius plots for calculations of the activation energies of the 

reverse current of the ALILE TF solar cell are illustrated in figure 59. The extract-
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ed activation energies are equal to 0.061 and 0.030 eV for the sample biased at -1 

and -2 V, respectively. In both samples the activation energy of the reverse current 

has been reduced with increasing the magnitude of applied reverse bias voltage. 

This behaviour indicates that the variation in the electrical bias could change the 

trap level occupancy in the absorber layer, which is noticeable in the variation of 

the activation energy determined from the reverse current flowing through the 

solar cell. 

As mentioned already, the ALILE TF solar cell includes many defect energy lev-

els in the bandgap caused by native defects and impurities. Complex defects, 

which simultaneously act as acceptors and donors, are formed during the growth 

of the absorber layer. Considering the band diagram of a reverse bias abrupt n
+
-p 

junction, the obtained activation energy for the reverse current is considered to 

correspond to a shallow acceptor level (Al or B) [83–85]. Regarding the applied 

process to form the seed layer (ALILE process), the shallow acceptor level could 

be due to the aluminium, which has been penetrated in the absorber layer during 

the epitaxial film growth. However, as the ideality factor in this sample is higher 

than two, therefore, we need an appropriate I-V model for such kind of devices to 

interpret correctly the obtained activation energy. 

 

7.2 Optical Interaction Techniques 

In this section, the results obtained by performing different optical interaction 

techniques including, LBIC, IR-LBIC, EL and ReBEL measurements on three 

different Si based thin-film solar cells including c-Si TF, ALILE TF and e-beam 

TF are presented and are partly analysed using different simulation approaches. 

First, we discussed the IR-LBIC measurement and some of its particular features 

owing to its low absorption, e.g. the ability for detecting light trapping or light 

scattering structures and also detecting grain boundaries. Additionally, the unusual 

behaviour of the IR-LBIC signal at the grain boundaries of the ALILE TF solar 

cell is discussed based on a simple optical simulation. Finally, the EL and ReBEL 

measurements are performed on the same devices and their probable correlation 

with IR-LBIC results are discussed. 

 

7.2.1 IR-LBIC Results 

The results of the LBIC and IR-LBIC measurements performed on three different 

Si based thin-film solar cells, including c-Si TF, ALILE TF and e-beam TF solar 

cell are presented in this section. We investigated the obtained LBIC and IR-LBIC 

results to discuss the specific applications and features of the NIR laser. 
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The LBIC measurement was performed on the ALILE TF solar cell using two 

wavelengths: 532 and 620 nm employing two different setups. Setups used for 

performing these measurements were presented previously in the section 5.2. 

These wavelengths are within the typical wavelengths range used to perform 

LBIC on the Si based solar cells in the PV [21]. The LBIC maps of the ALILE TF 

solar cell are presented in figure 60.a and 60.b by employing the laser wavelength 

of 532 and 620 nm, respectively. The 532 nm LBIC (figure 60.a) is performed 

using lower magnification objective and covers five fingers of the investigated 

device, while the 620 nm LBIC covers just one finger (figure 60.b). The LBIC 

setup using 532 nm wavelength has worse spatial resolution compared to the one 

using 620 nm laser and cannot yield so much details about the PV activity of the 

investigated sample. The LBIC maps using 532 nm laser show obviously an in-

homogeneous LBIC signal response from the p-n junction active area. In both 

cases, no LBIC signal is observed from the contacts area covered with the metal 

layers (Al) and also from the etched p-doped regions. The lack of signals from 

these two areas is because the metal fingers prevent the light reaching the device 

and in the etched p-doped area there is no p-n junction to separate the generated 

electron/hole pairs. The LBIC signal inhomogeneity from the ALILE TF solar cell 

is representing the variation in carrier generation and recombination which is due 

to the inhomogeneity in the electrical and optical properties of the poly-Si absorb-

er material. These two LBIC maps are used in this study as a reference for a quali-

tative discussion on IR-LBIC results. Setups used for performing LBIC and IR-

LBIC measurements are different, thus there is no possibility for a quantitative 

comparison. 

    
   a)        b) 

Fig. 60: LBIC map of the ALILE TF solar cell by employing the laser wavelength of 532 nm per-

formed using the HZB setup (a) and the laser wavelength of 620 nm performed by LSM21IR from 

Carl Zeiss (a: false colour scale from blue = small to red = large) [57]. 
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Regarding the characteristics of the IR-LBIC setup, in following measurements an 

appropriate laser power was chosen to keep the solar cell operating in the low 

injection regime. Figure 61 shows the IR-LBIC map by performing the measure-

ment on the same sample (ALILE TF) using a laser with a wavelength of 1064 

nm. The result shows the inhomogeneous signal response from the same area (the 

active area covered with the TCO layer) as LBIC but quantitatively with much 

weaker signal intensity. Such a difference was expected due to the lower absorp-

tion coefficient when using a laser with a wavelength in the NIR region (1064 

nm). Another difference is that in contrast to the LBIC measurement, relatively 

strong IR-LBIC signals are observed at the mesa corners which is discussed in 

details in the next section. 

 

 

Fig. 61: IR-LBIC map (Laser wavelength: 1064 nm) performed on the ALILE TF solar cell. The 

IR-LBIC map is superimposed on the micrograph image using objective with 5× magnification. 

The laser beam illuminates the device surface with 2% of the maximum laser power (false colour 

scale from blue = small to red = large) [57], [86]. 

 

IR-LBIC measurements were performed under similar conditions on the c-Si TF 

and e-beam TF solar cells and their IR-LBIC map superimposed on the micro-

graph images are presented in figure 62.a and 62.b, respectively. The c-Si TF has 

the structure similar to the ALILE TF solar cell and hence its IR-LBIC map gives 

similar signal distribution. The result obtained from c-Si TF solar cell shows 

strong homogenous signal distribution from the TCO covered area as depicted in 

figure 62.a, but in contrast to the ALILE TF solar cell no signal response at the 

mesa corner is observed. The lower IR-LBIC signal in the ALILE TF solar cell 

when the laser is scanning over the active area should be due to an increased de-

fect concentration and lower minority carrier diffusion length in the thin poly-Si 

absorber layer of the ALILE TF solar cell. The absorption coefficient difference in 

the absorber layer materials, poly- or monocrystalline Si, should have no effect on 

the signal strength, because the absorption coefficient in the poly-Si is higher 
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compared to the monocrystalline in the NIR range. But this increased free carrier 

absorption in the NIR obviously does not contribute to the stimulated photocur-

rent. Another reason for the weaker signal response in the ALILE TF sample 

could be the thickness of the active area. The active area in this sample is about 2 

μm thick, while the c-Si TF solar cell it consists of 2 µm active absorber layer plus 

300 μm Si wafer. Although, the doping concentration in the wafer is high to keep 

it electrically inactive as photovoltaic device, its effect cannot be ignored com-

pletely. As already mentioned, the strong IR-LBIC signal response at the mesa 

corner of the ALILE TF solar cell can be established as one of the main differ-

ences compared to the LBIC result on the same sample and as well as the IR-

LBIC results of the c-Si TF solar cell. This behaviour is discussed in the next 

chapter. 

 

   
a)      b) 

Fig. 62: IR-LBIC map (Laser wavelength: 1064 nm) of c-Si TF (a) and e-beam TF solar cells (b). 

The IR-LBIC maps are superimposed on the micrograph images using objective with 5× magnifi-

cation. The laser scanned the device with 2% of its maximum laser power (false colour scale from 

blue = small to red = large) [57], [86]. 

Figure 62.b shows the IR-LBIC map obtained from the e-beam TF solar cell, su-

perimposed on the micrograph image. The sample has a mesa structure and the 

backside contacts are made differently compared to the last two solar cells with 

interdigitated structure. Therefore, there are just frontside metal contacts prevent-

ing the laser stimulation. The e-beam TF solar cell gives also an inhomogeneous 

IR-LBIC signal response over its active area. The signal inhomogeneity is more 

obvious in comparison to the ALILE TF solar cell. Along a vertical band almost in 

the middle of the sample the IR-LBIC signals and thus the photovoltaic activity 

are very weak and in some areas drop to almost zero. These characteristics could 

be due to the presence of distributed defects in that area, which is investigated 

further with the help of EL and ReBEL measurements. The grain boundaries are 

much longer in this kind of sample (~100 µm) compared to the ALILE TF solar 

cell (the grain size diameter of ~ 10 µm) [57], [59]. Therefore, even by using 5× 
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magnification objective they could be resolved in the IR-LBIC map by showing 

lower signal response along vertical lines in figure 62.b. The low photovoltaic 

activity was expected at the grain boundaries of the poly-Si material due to the 

high defect density and poor electrical characteristics. 

 

These results provide an overview of the IR-LBIC results obtained from three 

different Si based thin-film solar cells. Furthermore, some specific properties of 

these results with a focus on the ALILE TF solar cell are discussed. First, the 

higher signal response at the mesa corner of the ALILE TF solar cell is investigat-

ed with the help of device topography. Afterward, the unusual IR-LBIC signal 

response at the grain boundaries of the ALILE TF solar cell is studied using a 

simple optical simulation. Finally, the inhomogeneity of the IR-LBIC signal dis-

tribution is discussed with the help of EL and ReBEL measurements. 

 

7.2.1.1 Light Scattering Sensitivity Measurement by IR-LBIC 

In this section, the advantage of the IR-LBIC measurement for detecting light 

scattering structures in the thin-film solar cell is considered. As it has been previ-

ously discussed, the optical absorption coefficient of the silicon increases with 

decreasing the wavelength. Referring to table 6, the absorption coefficient in the 

poly-Si at the wavelength of 1064 nm is about 213 cm
-1

 which is more than 100 

times lower than the one at the wavelength of 532 nm (α532 = 23800 cm
-1

). This 

difference is still higher in the monocrystalline silicon (~1000 times). In the fol-

lowing, the benefit of the low absorption coefficient of the applied laser in the 

NIR range is presented based on the IR-LBIC measurement results from the c-Si 

TF and ALILE TF solar cells. 

 

Fig. 63: Light scattering at the mesa corner of the ALILE TF solar cell [57]. 

Figure 63 shows a typical mesa corner of the poly-Si thin-film solar cell after me-

sa etching to form the interdigitated mesa structure. By a rough mesa corner the 

light could be scattered in the active area of the cell, and then could travel in the 

horizontal direction along the device. In this way, the optical path is much longer 

(e.g. up to 440 μm) compared to the vertical direction (e.g. up to 2 μm). According 

to the Beer–Lambert’s law, there is an exponential dependence between the 

transmission of the light through a substance and the product of the absorption 

coefficient (α) and the distance the light travels through the material. According to 
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Eq.(6.1), for 1064 nm laser wavelength the maximum light absorption in the hori-

zontal direction (considering the maximum light path of 440 µm) along the p-n 

junction is much higher (~ 98%) compared to the absorption in the vertical direc-

tion (~ 5%). These two parameters, the rough profile at the mesa corner after etch-

ing process and low absorption coefficient at this wavelength (1064 nm), could 

allow the incident light to penetrate the structure horizontally and generate many 

more electrons and holes along the absorption path than in the vertical direction. 

By stimulating the device with a visible light, e.g. 532 and 620 nm, the absorption 

is very effective even at very short vertical path (~ 99%). Thus, the in-coupling 

from the side will not lead to a significant LBIC signal intensity increase at the 

mesa corner. 

The results of the LBIC (532 and 620 nm) measurements on the ALILE TF solar 

cell is depicted in figure 60 and the IR-LBIC measurements using a laser with a 

wavelength of 1064 nm performed on the ALILE TF and c-Si TF solar cells are 

depicted in figure 61 and 62.a, respectively. As already mentioned, the strong IR-

LBIC signal response at the mesa corner of the ALILE TF solar is one of the ma-

jor difference with respect to the LBIC result on the same sample and as well as 

the IR-LBIC results of the c-Si TF solar cell. To exhibit this characteristic of the 

ALILE TF solar cell more obviously, the IR-LBIC measurement was performed at 

the mesa corner using higher magnification objective. The IR-LBIC results per-

formed on the ALILE TF solar cell using 20× magnifications are presented in fig-

ure 64. In this figure, it is evident in more details that at the mesa corner, the IR-

LBIC signal is much stronger than from the area covered with the TCO layer. The 

width of this high signal response band at the mesa corner is about 10 µm. In ad-

dition, the inhomogeneous distribution of the weak IR-LBIC signal over the TCO 

covered area is clearly visible. 

 

Fig. 64: IR-LBIC signal (laser wavelength: 1064 nm) superimposed on the optical micrograph 

image using objective with 20× magnification. The corresponding cross section is also shown 

(false colour scale from blue = small to red = large) [57]. 
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In order to investigate the origin of the strong IR-LBIC signal at the mesa corner 

of the ALILE TF solar cell, an SEM (Scanning Electron Microscopy) micrograph 

has been taken. The SEM image of the device surface is shown in figure 65. This 

image is taken using the DualBeam system when the sample is tilted by 52°. The 

rough surface on the down part of the picture shows the surface of the p-doped 

poly-Si (obtained after mesa etching) and the smooth surface on the upper part 

demonstrates the surface of the highly n-doped amorphous silicon (emitter layer). 

The wet etch process gives a very inhomogeneous etch rate depending on the dif-

ferent crystal orientation of the poly grains and has led to the relatively rough sur-

face of the poly-Si film. 

 

Fig. 65: SEM image of the surface of the ALILE TF solar cell. The sample is tilted by 52° [57]. 

Figure 66 shows the cross section of the transition from a-Si emitter layer to the 

etched poly-Si film after FIB preparation, in order to investigate the etching pro-

file. A more precise image of the etching profile is shown in the cross section of 

this area. For FIB cross sectioning, protection of the sample surface has been pro-

vided by a local platinum deposition, visible as a bright top layer on the cross sec-

tion, which is about 1 µm thick. As the sample is tilted, the gray line within is in-

dicating the corner from vertical to horizontal surface orientation. Above that line, 

the top down view is showing the surface structure visible in figure 65 with higher 

magnification. The rough surface of the poly-Si film can be seen on the right side 

of the image and the smooth surface of amorphous silicon on the left. The next 

layer with the thickness of 2438 nm at the left side of the picture in figure 66 

shows the poly-Si absorber layer. At the mesa corner the absorber’s thickness re-

duces smoothly and reaches the final thickness of 1402 nm at the right side. 

Therefore, the etching profile is not ideal, but it rather shows a continuous thick-

ness variation in the length of about 10 µm to reach the final value. The gray line, 

which is shown with an arrow in this figure, shows the transition from the poly-Si 
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layer to the glass substrate. This cross section presents also the roughness of the 

poly-Si surface after etching process near to the mesa corner. 

 

Fig. 66: FIB processed cross section using E-Beam imaging with 52° for the ALILE TF solar cell 

[57]. 

Figure 67 shows a cross section at the similar position (mesa corner) for the c-Si 

TF solar cell. The dark grey area in the middle of the picture shows the p-doped 

monocrystalline Si layer. At the left side there is the p-doped absorber layer with 3 

µm thick. The etch rate is homogeneous and leads to a relatively sharp and verti-

cal transition at the mesa corner. After wet etching process, about 1 µm of the ab-

sorber layer was removed and reached finally the thickness of about 2 µm. 

 

Fig. 67: FIB processed cross section using E-Beam imaging with 52° for the c-Si TF solar cell 

[57]. 
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Hence, the reason of the high IR-LBIC signal at the mesa corner of the ALILE TF 

solar cell could be explained by the light scattering property of the geometrical 

profile of the poly-Si surface after etching process, which allows light to be dif-

fracted into horizontal direction while hitting the etched surface. However, in the 

case of c-Si TF solar cell, as figure 67 shows, there is a planar surface profile at 

mesa corner which does not lead to any light trapping or light scattering effect. 

Therefore, in spite of the low absorption coefficient of the incident light (1064 

nm), because of the geometrical profile of the sample at the mesa corner no IR-

LBIC signal is observed at this position. 

 

7.2.1.2 Grain Boundary Detection by IR-LBIC 

A polycrystalline material is composed of many small crystallites with different 

crystallographic orientations which are joined by grain boundaries. The grain 

boundary is a complex structure usually consists of a few layers of disordered 

atoms. These layers act as transitional region between two neighbouring grains. 

The presence of grain boundaries (GBs) in the poly-Si absorber material is known 

as one of the major reason for the poly-Si solar cell efficiency degradation [87], 

[88]. The grain boundaries can be either electrically active or inactive as recombi-

nation centres for the optically generated carriers. The electrically active GB acts 

as a recombination channel in the vicinity of the GB and create highly resistive 

depletion regions. It is the behaviour which is reported in the literature at grain 

boundaries of Si material and results in more effective recombination centres for 

optically generated carriers [89]. The important parameter describing the GB ac-

tivity is the effective grain boundary recombination velocity, which depends on 

the defect concentration, capture cross section, doping and injection level. That 

means, the substrate properties and growth techniques determine the grain bound-

ary structure in a poly-Si material. Independent from the complexity of the grain 

boundary structure in a poly-Si material, we expected a reduced PV activity and 

thus lower IR-LBIC signal at the GB. 

Performing the IR-LBIC measurement with the laser wavelength of 1064 nm, a 

low signal response at the grain boundaries of the e-beam TF solar cells was ob-

served. The low IR-LBIC signal at the long vertical grain boundaries of this sam-

ple is obviously seen in figure 62.b. In contrast to the reduced IR-LBIC signal 

intensity obtained at GBs of the e-beam TF solar cell, high signal response was 

observed at GBs of the ALILE TF solar cell. Figure 22 shows the IR-LBIC signal 

map using 1064 nm wavelength laser and 100× objective lens with 4% of the 

maximum laser power (~2800 W/cm
2
). The IR-LBIC signal at the GB is about 

two times higher than the signal from the grain interior area. The brighter areas 

are those with the higher induced current change. The 620 nm LBIC measurement 

(see figure 62.b) qualitatively shows the higher signal response at the GB, similar 
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to the one obtained by IR-LBIC. But the difference of the obtained signal at GB 

and grain interior is much smaller than the IR-LBIC, so that its contrast is hardly 

to see in this image. 

The relatively higher IR-LBIC signal response at the grain boundary could be 

explained by electrical and also optical characteristic of the device at the GB. The 

first model based on the electrical assisted mechanism suggests a local built-in 

potential and therefore a band-bending around the GB due to the trapped charges 

at this area [90]. The band bending could separate photogenerated carriers and 

thus enhances the channelling effect around the grain boundaries. This behaviour 

is reported for some types of thin-film polycrystalline solar cells such as CdTe 

[88], [90] and it is less probable in poly-Si thin-film solar cells [91]. The second 

electrical model suggests that, the defects trapped at the grain boundaries could 

contribute to a so called two-stage excitation process. In this process, two photons 

are needed to excite an electron from the valence band to the conduction band. 

The first photon excites the electron from the valence band to the defect energy 

level, and the second one from the defect energy level to the conduction band. The 

first excitation process could also be accompanied with an energy relaxation. This 

phenomenon is used in IPV (Impurity Photovoltaic) solar cell to improve the effi-

ciency by increasing the sub-bandgap absorption [92]. The two-stage excitation 

effect at the grain boundary should not be the only reason for the high IR-LBIC 

signal response at GB of the ALILE TF solar cell. If it was the case, then a lower 

LBIC signal by using a low wavelength laser beam at GBs would be expected. 

However, we observed a qualitatively similar (but quantitatively weaker) charac-

teristic at the GB by performing LBIC using 620 nm laser. 

Furthermore, we investigated three different models based on the optical proper-

ties of the ALILE TF solar cell at the GB to understand the high IR-LBIC signal at 

the grain boundary: a light scattering effect similar to what observed at the mesa 

corner [93], the effect of layer thickness variation at the GB region and as well as 

a plasmonic effect due to an aluminium contamination at the GB. Thus, our efforts 

here is to investigate possible optical reasons for the high IR-LBIC response at the 

grain boundaries of the ALILE TF solar cell and the electrical assisted mecha-

nisms were not in the focus of this study. Although, the optical effects are possibly 

accompanied by some electrical effects such as two-stage excitation via electronic 

grain boundary states resulting in higher signal response at the GBs. 

To study the first two optical effects, we recorded the geometrical surface profile 

at the GB of the ALILE TF solar cell. For this purpose, we employed the AFM 

measurement in contact mode using AFM INTEGRA Aura from NT-MDT. For 

this measurement a part of the active area was selected that is not covered with the 

TCO layer. This choice was made to avoid the effect of the TCO layer covering 

the silicon surface profile. But it should be mentioned that the TCO layer is in fact 

acting as an anti-reflection layer and therefore should enhance the observed effect. 
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The TCO layer is characterized by a high transparency in the spectral region of 

the solar cell operation, and by a high electrical conductivity. ZnO:Al which is 

used in this sample as TCO layer, possesses the refractive index of ~1.94, which is 

about two times lower than the one of the a:Si:H (~3.95) and poly-Si (~3.52). 

Therefore, in addition to TCO functionality it fulfils also the anti-reflection re-

quirement [94]. The result of the AFM measurement is shown in figure 68. In the 

lower part of the image the edge of the active area and the adjacent rough struc-

ture of the p-doped poly-Si absorber layer after the etching process are presented. 

The grain boundaries are recognised in this image by the darker closed lines sepa-

rating the grains. The result shows an average grain size of about 10 µm in the 

absorber layer. The darker shade of the grain boundaries indicates the presence of 

a trench profile at these areas. This trench-shaped profile can be seen in more de-

tail in figure 69. 

 

Fig. 68: The contact AFM measurement performed on the ALILE TF solar cell to gain information 

about the grain boundaries. In the lower part of the image the edge of the active layer and the adja-

cent rough structure of the p-doped poly-Si layer after etching process can be seen [57]. 

In figure 69 a selected area from figure 68 is shown together with a height profile 

taken along the blue line (600 nm) across the grain boundary. As the result shows, 

the grain boundary has almost a plane surface, about 400 nm wide and 30 nm 

deep. From this topography data, a surface tilt angle of approximately 6° at the 

grain boundary region was extracted. 
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       a)        b) 

Fig. 69: Contact AFM, performed on a smaller region of the active area of the ALILE TF solar cell 

(a), and the height profile across the grain boundary (b) is showing obviously a trench-shaped 

profile [57]. 

In the first approach, we investigated the geometrical surface profile of the ALILE 

TF solar cell in vicinity of the grain boundary as a possible reason for increased 

IR-LBIC signal response. Presumably, the trench geometric profile at the surface 

could lead to a light scattering effect at the grain boundary and give rise to a pro-

longed absorption path of the infrared light in the sample. Due to the particularly 

low absorption coefficient at this wavelength (1064 nm) a noticeably higher ab-

sorption in the sample could be resulted [33]. Consequently, a higher induced cur-

rent at the grain boundaries could be observed compared to the grain interior. If 

the absorber layer is thinner than the grain size, the photogenerated carriers could 

reach the absorber and emitter contacts. Therefore, solar cell could benefit from 

the photogenerated electrons and holes and the efficiency of the solar cell would 

be improved. The average size of grains in the investigated ALILE TF solar cell is 

about 10 µm and the absorber thickness is about 2 µm. Therefore, based on this 

assumption the efficiency of the investigated solar cell could indeed improve from 

the grain boundaries contribution. 

The geometrical surface profile at the GB (figure 69) shows that in contrast to the 

more rough surface profile of the solar cell at the mesa corner the grain boundary 

vicinity exhibit a more regular shaped surface profile which has a very small sur-

face tilt angle. This effect is investigated by performing the optical simulation 

using JCMsuite simulation tools [95]. JCMsuite is a powerful finite element 

(FEM) solver to compute the evaluation of electromagnetic waves in a device 

structure and to investigate the wave propagation within the device. This tool is 

used widely for designing modern nano-optical devices. The simulated device in 

the JCMsuite has a geometrical structure and optical parameters similar to that we 

used in TCAD Sentaurus simulation tools described in section 6.3.2.3. The simu-

lation was performed by applying two different laser wavelengths: 630 and 1064 

nm. 
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For this purpose, two different device structures were built in the JCMsuite simu-

lation tool: one with the GB having the similar geometric surface profile like that 

in figure 69 and another without the GB. Optical device characteristic under illu-

mination with a laser beam of the wavelengths of 630 and also 1064 nm was sim-

ulated for both structures. The total electric field energy stored in the absorber 

layer of device with and without GB is illustrated in figure 70 under illumination 

with the laser wavelength of 1064 nm. The total electric field energy is a measure 

for the absorbed light in the device. The total electric field energy does not vary 

significantly in the vicinity of the GB, neither using 630 nm (it is not shown here) 

nor 1064 nm (figure 70) wavelengths laser beam, and no light scattering was ob-

served in the absorber layer. Therefore, a wide-angle trench profile (figure 69) at 

the GB of the ALILE TF solar cell should not lead to a higher signal response at 

GBs compared to grain interiors. 

 

Fig. 70: The total electric field in the absorber layer of device with and without GB under illumi-

nation with the laser wavelength of 1064 nm. 

In a second approach, the effect of the absorber layer thinning in the vicinity of 

the GB on the optical absorption was investigated. In the ALILE TF solar cell, the 

grain boundary was initially generated in the seed layer and then was transferred 

to upper layers: absorber, emitter, TCO and metal. Therefore, just the seed layer 

thickness could be reduced in the vicinity of the GB and other layers should have 

almost the same thickness overall in the grain interiors and at grain boundaries. In 

the simulation, the thickness reduction in the vicinity of the GB (~30 nm) is as-

sumed as absorber layer thickness variation. Additionally, we assumed that the 

refractive index in the p-doped poly-Si layer is independent from the free carrier 

concentration, so that in seed layer and absorber layer the same value for the re-
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fractive index is set. Figure 71 shows the total electric field energy in the absorber 

layer by varying the absorber layer thickness from 1 up to 2 µm when the device 

is illuminated by a laser beam with wavelengths of 630 and 1064 nm.  

 

Fig. 71: The total electric field energy in the absorber layer of the simulated device, when illumi-

nated by a laser beam with wavelengths of 630 and 1064 nm. The higher amplitude variation by 

changing the absorber thickness was observed in the case of 1064 nm. The device was simulated 

using JCMsuite simulation tools. 

The total electric field energy in the absorber layer tends to increase in both cases 

by increasing the absorber layer thickness. This increase is accompanied with a 

harmonic oscillation, which is due to the coherence property of waves. This re-

sults in a interference effects due to multiple reflections of the electromagnetic 

waves at the layers interfaces. The variation of the reflection intensity of the light 

beam in terms of the film thickness results in the change of the absorption in the 

absorber layer. The amplitude variation of the electric field energy in the absorber 

layer using the laser wavelength of 1064 nm is higher than the one with the wave-

length of 630 nm. In the case of 630 nm, the electric field energy amplitude dif-

ference by 30 nm thickness variation is negligible. However, the NIR laser optical 

response is more sensitive to the device roughness. Up to 15% difference could be 

observed by 150 nm thickness variation. A 30 nm variation of the absorber thick-

ness in the device under illumination by the laser beam with the wavelength of 

1064 nm could lead to approximately 4.5% change in the electric field energy. 

This could result in IR-LBIC signal increase even by reducing the absorber layer 
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thickness at the GB with a trench-shape profile (figure 69). This hypothesis could 

explain the increased IR-LBIC signal response at the GB and also the weaker ef-

fect at the GB of the same device by performing LBIC measurement. However, 

generating an appropriate geometric surface profile at GBs over the entire sample 

to obtain higher PV activity in the NIR region, as it was observed in the IR-LBIC 

map of the ALILE TF solar cell, requires very precious texturing process. It is less 

probable that the random grain boundary structures of the ALILE TF solar cell 

could fulfill these conditions in all over the device. 

In a third approach, the plasmonic effect was investigated as a possible cause for 

the high IR-LBIC signal at the grain boundaries of the ALILE TF solar cell. Light 

trapping is a relevant method in thin-film solar cells to achieve higher efficiency 

by confining light within the active layer and promote the light absorption. Sur-

face texturing has been successfully employed to enhance light absorption in wa-

fer based Si solar cells, e.g. due to Lambertian scattering [96]. This approach can 

be applied to solar cells with absorber layer thickness much longer than the wave-

length [97]. Thus, it cannot be applied to thin-film solar cells as textured features 

are much larger than the typical thin-film thickness. Submicron surface textures 

can also be used for this purpose [98]. However, it increases the surface area and 

consequently the surface recombination which degrades the solar cell efficiency. 

Another approach to fulfill the requirement for light trapping in the thin-film solar 

cell is to use the metallic nanoparticles (silver, gold, copper or aluminum) at the 

front side, within or at the backside of the thin-film solar cells [99]. By illuminat-

ing with a monochromatic light the conduction-electron plasma resonances excite 

within the metal island. When the light beam stimulates the metal island near their 

resonance frequency, it acts as dipole oscillator, and couples part of the incident 

light into the waveguide modes of an adjacent dielectric material. In this way, the 

metal islands enhance the light scattering effect within the device. The efficiency 

of the plasmonic structures is strongly dependent on the material, their shape and 

size [100–102]. 

The ALILE TF solar cell is based on a seed layer formed by the ALILE (Alumi-

num Induced Exchange Layer) process. Therefore, the seed layer specially in the 

vicinity of grain boundaries are contaminated with aluminum (Al) particles which 

are not electrically active [61], [85]. These aluminum particles could diffuse into 

the upper layer along grain boundaries and fill them in the absorber layer [85]. We 

investigated the effect of these metal particles on the optical behavior of the de-

vice, when it is illuminated by a laser beam with wavelengths of 630 and 1064 

nm. The simulation was performed using the structure presented in figure 72 by 

locating an aluminum fleck at different depths: top, middle and bottom of the ab-

sorber layer. In addition, the plasmonic effect at the GB was simulated with a line-

formed Al strain in the absorber layer. Figure 72 shows the case when the alumi-

num fleck is placed on the top of the absorber layer. The device structure with the 

layer thickness is illustrated in this figure. 
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Fig. 72: The structure of the simulated device in JCMsuite. The aluminium fleck is placed on the 

surface of the absorber layer. 

The electric field energy in the device when the Al fleck is placed on the top layer 

(ZnO) is illustrated in figure 73. The result shows obviously how the incident light 

(1064 nm) is partly trapped in the absorber layer due to the plasmonic effect and 

travelled horizontally in the device. 

    

Fig. 73: The semi-logarithmic representation of electric field energy in the simulated thin-film 

solar cell, when an aluminium fleck is located at the top of the absorber layer. The result shows the 

light scattering effect in the absorber layer due to the plasmonic effect. The device is illuminated 

with the laser beam with the wavelength of 1064 nm (false colour scale from blue = small to red = 

large). 
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The Al fleck was replaced in the simulation from top to the bottom of the absorber 

layer to investigate the influence of its position on strength of the plasmonic ef-

fect. As it is seen in figure 74, the light scattering effect increases when the Al 

fleck is located deeper in the absorber layer and yields to 3% increase in the elec-

trical energy field energy when located at the bottom of the absorber layer (on the 

seed layer). Due to the fact that the Al particles diffuse from the seed layer into the 

absorber layer, Al contamination should be the maximum at the bottom of the ab-

sorber layer. Therefore, it should lead the maximum enhancement of the plas-

monic effect and thus higher IR-LBIC signal response at the GB. The simulation 

was repeated for the laser wavelength of 630 nm with the Al fleck located at dif-

ferent depths in the absorber layer to investigate the plasmonic effect in the visible 

wavelength range. The results of the simulation qualitatively show the similar 

behavior as for 1064 nm, so that the maximum effect was observed when the Al 

fleck was at the bottom of the absorber layer. In this case, however, the electrical 

field energy increased in the absorber layer just about 1%, which is three times 

less than the result for the simulation under stimulation with 1064 nm wavelength. 

This difference could explain the diversity in the grain boundary features between 

the IR-LBIC and LBIC results. 

 

Fig. 74: The comparison of the light scattering enhancement by locating the Al fleck at different 

depths in the absorber layer: top, middle and bottom. The device is illuminated with the laser beam 

of 1064 nm. 

In addition, we investigated the plasmonic effect considering the fact that the Al 

contamination in the grain boundary of the ALILE TF solar cell is probably not 
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just allocated in one point but distributed along the whole grain boundary from 

seed layer to the emitter layer. For this purpose, a tilted Al line is modeled verti-

cally in the absorber layer of the simulated device. Figure 75 shows the logarith-

mic representation of the electrical field energy in the absorber layer. The light 

scattering effect is relatively stronger than the case of the single Al fleck located at 

one position in the absorber layer and yields to approximately 7% increase of the 

electric field energy stored in the absorber layer.  

Corresponding to the simulation results, maximum plasmonic and therefore light 

scattering effect should be obtained under illumination in the NIR region, while 

the Al particles are distributed along the grain boundary (vertical line-form Al 

contamination). This effect could result in higher absorption of the NIR incident 

light within the absorber layer. This characteristic could explain the higher IR-

LBIC signal intensity at the GB region of the ALILE TF solar cell in comparison 

to the one from the grain interior. 

 

Fig. 75: The semi-logarithmic representation of electric field energy in the simulated thin-film 

solar cell shows a strong light scattering due to the plasmonic effect. The device comprises an 

aluminium contamination distributed along a vertical tilted line in the absorber layer (false colour 

scale from blue = small to red = large). 

In summary, from the simulation results the light scattering at the trench-shaped 

GB, absorber layer thinning at GB and finally the plasmonic effect due to the Al 

contamination at GB of the ALILE TF solar cell have been studied as possible 

optical effect for the increased PV activity in the NIR region and therefore higher 

IR-LBIC signal in the vicinity of the GB. Based on the simulation results, the 

plasmonic effect is more probable for the increased IR-LBIC signal at GBs of the 

ALILE TF solar cell. However, it should be noticed, that electrical effects like 

two-stage excitation via electronic grain boundary states could also contribute to 

this characteristic at the GB, however, are not investigated in this study. 



 159 

 

7.2.2 EL and ReBEL Results 

The results of the EL and ReBEL measurements performed on three different thin-

film solar cells, including c-Si TF, ALILE TF and e-beam TF solar cells are dis-

cussed in this section. The results are used to analyze the solar cell performance, 

and their electrical behavior. Finally, the possible correlations with the IR-LBIC 

results are discussed. For this purpose, the PHEMOS setup equipped with the 

cooled Si-CCD camera is used to perform EL and ReBEL measurements on the 

investigated solar cells. The spectral response of EL and ReBEL was also deter-

mined using the same setup by employing discreet optical band-path filters. Addi-

tionally, the EL and ReBEL signal response of the c-Si TF and ALILE TF solar 

cells were investigated in the extended IR range using the InGaAs detector. These 

results provide the information in the spectral range more close to those for the 

IR-LBIC results. 

 

7.2.2.1 Cooled Si-CCD Camera 

In the first approach, we discuss the EL and ReBEL results obtained by employing 

the PHEMOS setup equipped with a cooled Si-CCD camera. The PHEMOS setup 

for performing both EL and ReBEL measurement is depicted in figure 17 in sec-

tion 5.1. A high resolution and sensitive cooled Si-CCD camera and objectives 

with relatively high magnification and high numerical aperture (NA) allow us to 

analyze the electrical and optical properties of the investigated thin-film solar cells 

in good detail within relatively short time. In addition, the spectral analysis meas-

urements can be performed in the sensitivity range of the detector to reveal the 

interaction mechanism in the investigated sample under electrical forward and 

reverse bias.  

In the following, the results of EL measurements performed on the c-Si TF, 

ALILE TF and e-beam TF solar cell using Si-CCD camera are presented. We dis-

cuss further the ability of this technique to characterize the performance of the 

thin-film solar cells. In a case study, a simple EL based technique is then intro-

duced to characterize the contact metallization of the ALILE TF solar cell. Next, 

the ReBEL results were employed to explain defect distribution over the investi-

gated samples. To understand and compare the mechanisms of the EL and ReBEL 

results obtained from different investigated samples, the spectral analysis is per-

formed. During this study, the correlation between results of the EL, ReBEL and 

IR-LBIC measurement is steady monitored and the possible causes are discussed. 
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7.2.2.1.1 EL Measurement 

The EL signal response obtained from c-Si TF solar cell and ALILE TF are illus-

trated in figure 76. The PHEMOS setup equipped with a cooled Si-CCD camera is 

used for performing these two measurements. The electrical contact to the device 

is made using two needles which are moved in x, y and z directions by manipula-

tors. 

    
a)       b) 

Fig. 76: EL signal distribution superimposed to the optical micrograph image obtained by using 

cooled Si-CCD camera for the c-Si TF (a) and ALILE TF (b) solar cells at a forward bias of +0.8 V 

(false colour scale from blue = small to red = large) [57]. 

As it is illustrated in figures 76.a and 76.b, in accordance with the results of the 

IR-LBIC measurements, the EL measurement shows in both samples emission 

from the TCO covered area, whereas a very weak emission is observed from the 

part of the active area which is not covered by the TCO layer. This signal distribu-

tion illustrates the high resistivity of the thin amorphous Si emitter layer (10 nm) 

and the critical role of the TCO layer in the thin-film solar cell structure to provide 

sufficient lateral conductivity. 

For the c-Si TF reference sample, the EL emission from the active area is relative-

ly strong and homogeneous. The emission can be observed at relatively low for-

ward bias voltages of +0.5 V and short exposure time of 100 s. But in the ALILE 

TF solar cell the EL emission from the TCO covered area is relatively weak and 

inhomogeneous and could only be observed at relatively higher forward bias volt-

ages. The difference in the EL signal emitted through the top of the respective 

samples could be explained by the higher defect concentration, lower minority 

carrier diffusion length in the absorber layer and smaller thickness of the absorber 

layer in the ALILE TF solar cell in comparison to the c-Si TF solar cell. In detail, 
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the inhomogeneity of the signal in the ALILE TF solar cell is due to local crystal 

defects in the poly-Si absorber layer whereas the weakness can be explained by 

relatively low minority carrier diffusion length in the absorber layer and the small 

thickness of the absorber layer in the ALILE TF solar cell. The thickness of the 

absorber layer in the ALILE TF solar cell is only about 2 µm, while in the c-Si TF 

solar cell the collection thickness could be extended into the wafer. Although, the 

wafer substrate is highly doped to prevent any PV activity in this layer, but its 

influence could not be completely ignored. By applying relatively high forward 

bias voltages, the space charge region can be neglected. For silicon based thin-

film solar cells, the dependence of the EL intensity on SCR width could be ig-

nored as it is much smaller than the bulk diffusion length. Therefore, considering 

a uniform bandgap absorber, the EL intensity as a function of the applied voltage 

from Eq.(3.20) can be simplified as follows [103]: 
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The Eq.(7.1) predicts the EL signal intensity to be an exponential function of the 

voltage, which increases with the applied voltage (V) in the forward bias. There-

fore, for fixed voltage the emission intensity is proportional to the integral of the 

minority carrier density in the absorber layer. The excess minority carrier distribu-

tion under forward bias is strongly dependent on the minority carrier diffusion 

length in the absorber layer. Considering higher diffusion length and also longer 

collection thickness in the c-Si TF compared to the ALILE TF solar cell, the value 

of the integral and therefore the emission intensity of the ALILE TF sample is 

much weaker. Furthermore, a decrease of the EL intensity is observed in the 

ALILE TF sample along the interdigitated fingers (from left to the right in figure 

76.b), which is obviously due to a higher resistance of the absorber contact in 

comparison to the emitter contact. This characteristic is presented later as a meth-

od to extract the contact resistivity. 

Another difference between these two samples is their EL signal response at the 

mesa corner. At the mesa corner of the ALILE TF solar cell relatively strong EL 

signal response is obtained while in the c-Si TF solar cell no signal is obtained 

from this area. Figure 77 shows in more detail the EL emissions at the mesa cor-

ner of the ALILE TF solar cell. The EL emission from the mesa corner of this 

sample is comparable with the signal response from its active area covered with 

the TCO layer. The reason of this behaviour could be explained with the differ-

ence of the geometrical profile of two samples at the mesa corner. The geomet-

rical profile at the mesa corner of the ALILE TF solar cell formed after the etching 

process could lead to a scattering of the light into the active area. This behaviour 

is similar to what was observed in the IR-LBIC measurement (figure 64), but the 

EL signal from the mesa edge is not as strong as the IR-LBIC signals and there-
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fore cannot provide a good contrast. This phenomena could be explained with the 

participation of lower wavelength light (less than 1064 nm) in the EL signal and 

the sensitivity of the Si-CCD detector. The detector sensitivity is limited up to the 

1100 nm and is much lower in the NIR region and drops to only 5–10% efficiency 

or less (figure 18). Therefore, the IR-LBIC technique has been shown to be the 

preferable method to reveal information about the texture and light trapping or 

light scattering structures within thin-film solar cells. 

 

Fig. 77: EL signal responses obtained from ALILE TF solar cell superimposed to the micrograph 

image using cooled Si-CCD camera and objective with 20× magnification. The device operates in 

the forward bias (false colour scale from blue = small to red = large) [57]. 

Finally, a spectral analysis was performed on both the ALILE TF and c-Si TF so-

lar cells using the Si-CCD camera to define the EL mechanism and to interpret the 

EL emission from the mesa corner of the ALILE TF solar cell. The results of the 

spectral analysis measurements performed at room temperature on c-Si TF and 

ALILE TF solar cells are illustrated in figure 78.a and 78.c. No difference was 

observed regarding the spatial origin of the emission obtained from the ALILE TF 

and c-Si samples and a similar EL spectrum was detected. Figure 78.a shows the 

EL spectral response of the c-Si TF solar cell at room temperature. Apparently the 

EL signal is due to the band–band recombination, with the EL signal peak at a 

similar wavelength range as the IR-LBIC signal response. Therefore, light emitted 

in the horizontal direction is able to leave the active area because of the low ab-

sorption and would be scattered into the optical path of the EL detector at the 

rough surface near the mesa corner in the ALILE TF solar cell. As already men-

tioned, the edge of the c-Si TF solar cell is etched homogeneously (figure 67) and 

thus no light can be scattered into the EL detector. Therefore, the EL signal distri-

bution from the c-Si TF solar cell shows no signal response at the mesa corner. 
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Fig. 78: EL spectral response at different temperatures including room temperature, 50 °C and 100 

°C, observed in the c-Si TF (a, b) and ALILE TF (c, d) solar cells using the cooled Si-CCD camera 

[57]. 

Solar cell EL spectrum in the forward bias was acquired for the c-Si TF and 

ALILE TF samples at different temperatures: at room temperature and 50 °C for 

both samples and at higher temperature of 100 °C for the c-Si TF solar cell. The 

results of the EL spectrum are shown in figure 78. In forward bias many minority 

carriers are injected through the p-n junction and therefore the recombination ac-

tivity increases [104]. Because silicon is an indirect semiconductor, the band-band 

recombination accompanied with a light emission in silicon is so faint. Performing 

the measurement at elevated temperature can increase the possibility of the emit-

ting band-band recombination. With increasing the temperature, the bandgap of 

the silicon reduces and the spectral broad line becomes wider [6], [105]. The Si-

CCD camera sensitivity can just cover up to 1100 nm wavelength. Therefore, as it 

can be seen in the figure 78.b and 78.c, performing the EL measurement using a 

Si-CCD camera at higher temperatures results in a stronger signal response and 

provides more information about the solar cell performance. The maximum tem-

perature applied to the ALILE TF solar cell was 50 °C to prevent any damage to 

the TCO layer. 

The EL measurement was also carried out on the e-beam TF solar cell employing 

PHMOS 1000 setup equipped with the cooled Si-CCD camera. Figure 79.a shows 

the EL signal superimposed on the micrograph image obtained using 0.5× magni-

fication objective (macro lens). The device is biased at the forward bias (+0.8 V). 
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The result shows a dark area in the middle of the sample which separates two PV 

active areas from each other. The dark area is extended in the right down part of 

the cell. This result is partly in agreement with the IR-LBIC result (figure 62.b). 

The IR-LBIC signal shows also very weak (almost zero) PV activity in the middle 

of the sample. The difference between these two images is that by the IR-LBIC 

imaging the left side of the cell also shows strong signal response, while in the EL 

just the left top side is active and the dark area is extended to the left bottom cor-

ner of the sample. 

   
a)      b) 

Fig. 79: EL signal distribution superimposed on the optical micrographs image using 0.5× (a) and 

5× (b) obtained by cooled Si-CCD camera for the e-beam TF solar cell at a forward bias of +0.8 V 

(false colour scale from blue = small to red = large). 

Figure 79.b shows the EL signal map obtained from the same sample (e-beam TF) 

using higher magnification objective (5×). This figure shows in more detail the EL 

signal response at the right side of the sample, where relatively stronger EL signal 

was observed. The result provides a possibility of direct comparison with the EL 

results obtained for the last two samples. The e-beam TF solar cell is affected 

probably by the defects which are distributed mainly in the middle of the sample 

where both the EL and IR-LBIC show almost no signal response. The defect dis-

tribution in this area is discussed later with the help of the ReBEL measurement. 

Additionally, decreasing the EL signal response from the right to left side of the 

sample could be an indication to the frontside metallization problem affected 

mainly by the first vertical grain boundary on the right side of the sample. The 

voltage drop increases drastically from this point and therefore the applied voltage 

could not be high enough to drive the p-n junction in the forward bias. The EL 

spectral response of the e-beam TF solar cell shows also the same behaviour as 

the last two investigated samples, indicating the same mechanisms responsible for 

the obtained EL signal. 
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7.2.2.1.1.1 Contact Resistance Extraction 

In this section, a simple experimental method is presented to extract the resistance 

of either front or backside contact. This method can be used just when one of the 

contacts (frontside or backside) has higher resistivity than the other. In this case, 

the contact with higher resistance causes higher voltage drop and therefore re-

duced EL signal response away from its corresponding contact pad. The maxi-

mum EL signal response would be obtained at the contact pad with higher resis-

tivity. The reduced EL signal response could further be employed to obtain 

information about the resistivity of the corresponding contact. If both contacts 

have similar resistivity, no voltage drops and consequently no EL signal reduction 

would be observed along the contacts and therefore this technique could not be 

applied. 

 

 

Fig. 80: EL signal distribution obtained using the cooled Si-CCD camera for the ALILE TF #2 

solar cell in the forward bias of +1.1 V (5.2 mA) along one finger. The EL signal intensity is repre-

sented along the finger (1000 µm) from left to the right (false colour scale from blue = small to red 

= large). 

Figure 80 shows the EL signal map obtained from an ALILE TF solar cell (just 

one finger is shown here). The investigated ALILE TF solar cell is not the same 

up to now investigated sample for IR-LBIC, EL and ReBEL measurements and 

has relatively lower efficiency. This cell (ALILE TF #2) shows more inhomogene-
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ity along the metal contacts. The decrease of the EL intensity is more drastic in 

this solar cell along the interdigitated fingers (from left to the right in figure 80), 

which is obviously due to a higher resistance of the absorber contact in compari-

son to the emitter contact. This is a proper sample for applying this technique for 

extracting the contact resistivity (here the backside contact). 

To extract the resistivity of the absorber contact a series of EL measurements were 

performed in the voltage range of +0.6 up to +1.5 V. The result and the exponen-

tial fit curve are shown in figure 81. The combination of the EL signal intensity 

versus the voltage (figure 81) and the distance from the contact pad (figure 80) 

resulted in the EL signal intensity as a function of the applied voltage. By know-

ing the current flowing through the device and the voltage drop over a defined 

length, the absorber contact resistivity could easily be extracted. For this sample, 

the absorber contact resistivity of about 1×10
-7

 Ωm (V = 1.1 V, I = 5.2 mA) was 

calculated. This is about one magnitude of order higher than 2.8×10
-8

 Ωm, report-

ed for the aluminium resistivity. This considerably higher resistivity can explain 

the strong decrease of the EL emission along the interdigitated fingers in the 

ALILE TF #2 solar cell and demonstrates the poor quality of the conduct metalli-

zation process. 

 

Fig. 81: EL signal dependent on the applied voltage in the forward bias obtained from the ALILE 

TF #2 solar cell [57]. 

It is interesting to note that the aluminium for both the absorber and the emitter 

contacts were deposited using a similar process. However, the TCO layer obvious-

ly takes over the lateral charge carrier transport for the emitter contact. This still 

impressively demonstrated high signal intensity for mesa areas with broken emit-

ter contact fingers. 
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7.2.2.1.2 ReBEL Measurement 

Generally, electroluminescence emission in the reverse bias p-n junctions occurs 

as radiative intraband relaxation of carriers which picked up a high level of kinetic 

energy in an electrical field [6]. In this case, the spectral distribution of the elec-

troluminescence signal is much broader than in the regular EL condition due to 

the statistical processes generating the emitted photon energy. In defect free p-n 

junctions, the ReBEL signal intensity is very low until the p-n junction breakdown 

occurs. In such a case, the spot of bright electric field exhibits a strong ReBEL 

signal. This characteristic is observed in the c-Si TF solar cell, as it is depicted in 

figure 82.a. Until the sample reached its breakdown condition, no electrolumines-

cence signal was observed in this quasi-defect free c-Si TF solar cell. The spectral 

distribution of the ReBEL and EL signal is presented in figure 82.b. The results of 

these two signal distribution are different so that the ReBEL shows a broader sig-

nal distribution than the EL which is shifted in the visible wavelength range. The 

ReBEL spectral distribution confirmed the radiative intraband relaxation of carri-

ers as dominant mechanism [6]. 

  
    a)        b) 

Fig. 82: ReBEL signal distribution superimposed to the optical micrograph image from the c-Si TF 

solar cell (a) when it is biased at the voltage of -30 V (breakdown voltage) (false colour scale from 

blue = small to red = large) and the spectral response of the ReBEL signal intensity in comparison 

with the EL (V = 0.7 V) signal response (b). The measurement is performed using the Si-CCD 

camera [57]. 

However, the ALILE TF solar cell shows an inhomogeneously distributed faint 

pre-breakdown emission at a very low reverse bias voltage (< -2.2 V) [52]. The 

obtained ReBEL signals are distributed over the entire p-n junction active area 

covered with the TCO layer (figure 83). The ReBEL signal distribution is obtained 

at different locations than the EL signal and is point-form in comparison to the EL 

signals which are more preferably area distributed. The point-form ReBEL signal 

responses could be explained in terms of local generation centers due to the high 

defect concentration in the poly-Si absorber layer of the ALILE TF solar cell. The 
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ReBEL signal intensity is relatively weak and should be spectrally distributed in a 

wide wavelength range. Using optical bandpass filters, almost no ReBEL signal 

could be measured using Si-CCD camera, even with a very long exposure time. 

Thus, we could not measure the ReBEL spectral response of the ALILE TF solar 

cell. 

 

Fig. 83: ReBEL signal distribution superimposed on the optical micrograph image of the ALILE 

TF solar cell when it is biased at -2.2 V (pre-breakdown). The measurement is performed using the 

Si-CCD camera using the objective with 20× magnification (false colour scale from blue = small 

to red = large) [57]. 

Next, we performed the ReBEL measurement on the e-beam TF solar cell. This 

sample exhibits the distributed point-formed ReBEL signal response similar to the 

ALILE TF solar cell, however, at relatively lower reverse bias voltage ( < -1.5 V). 

The ReBEL signal response obtained from the e-beam TF solar cell using 0.5× 

(macro-lens) and 5× magnification objectives is depicted in figure 84.a and 84.b, 

respectively. The ReBEL signal intensity is obtained from the dark area in the 

center of this sample. A comparison between the ReBEL map (figure 84.a) and the 

EL map (figure 79.a) shows that they are in good agreement with each other. 

However, in both cases there is no signal response from the bottom left side of the 

sample. Figure 84.b shows obviously the point-formed signal distribution of the 

ReBEL signal, which correlate well with the IR-LBIC signal map depicted in fig-

ure 62.b and partly with the EL map in figure 79.a. This sample exhibits a very 

good correlation between all three measurements: EL, ReBEL and IR-LBIC. The 

areas with higher signal intensity response in the IR-LBIC map emitted light by 

performing the EL and were dark by the ReBEL measurement. The ReBEL signal 

is obtained from the area which is dark in the EL map and shows almost no IR-

LBIC signal response. 
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a)      b) 

Fig. 84: ReBEL signal distribution superimposed to the optical micrograph image from the e-beam 

TF solar cell when it is biased in the reverse direction at the voltage of -1.5 V using 0.5 objective 

(a) and ReBEL map from the same device biased at the voltage of -1.8 V using 5× magnification 

The measurement is performed using the Si-CCD camera (false colour scale from blue = small to 

red = large). 

The EL and ReBEL spectral measurements performed on the e-beam TF solar 

cell, when the device is biased at +1 V and -2 V using the objective with 20× 

magnification, respectively. The ReBEL signal map obtained by using a higher 

magnification shows obviously the point-form signal distribution in the area se-

lected in the middle down part of the device (figure 85.a). The EL spectral re-

sponse result from the e-beam TF solar cell (figure 85.b) is similar to the one ob-

tained from last two samples, that indicates band-band recombination governing 

the electroluminescence mechanism in the forward bias. The ReBEL spectral re-

sponse shows a broader spectral response. However, in contrast to the one from 

the c-Si TF solar cell the peak of this signal was not shifted into the visible range 

(figure 85.b). Therefore, the mechanism of the ReBEL signal response from the c-

Si TF solar cell should be different from the one in the ALILE TF and the e-beam 

TF solar cells. The c-Si TF solar cell emits the light in the reverse bias due the 

breakdown at the applied voltage of -30 V, but the other two samples exhibit the 

pre-breakdown behavior starting from a very low voltage range in the reverse bi-

as. Considering the difference of the dark I-V curves and the obtained high ideali-

ty factor (nid > 2) of the investigated samples, the point-form ReBEL signal re-

sponse with its broad spectral response could be related to the non-ohmic shunt 

behavior at these defective areas. 
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a)       b) 

Fig. 85: ReBEL signal distribution superimposed to the optical micrograph image of the e-beam 

TF solar cell (a) when it is biased at -2 V using 20× magnification (false colour scale from blue = 

small to red = large) and the spectral response of the observed ReBEL signal in comparison with 

the EL (V = +1 V) signal response (b). The measurement is performed using the Si-CCD camera. 

 

7.2.2.2 InGaAs Detector 

The EL measurement was repeated for the ALILE TF solar cell using the 

PHEMOS 1000 setup equipped with the InGaAs detector. In this section, we dis-

cuss briefly reasons for the preference of the InGaAs detector over Si-CCD cam-

era for performing electroluminescence measurements on Si-based thin-film solar 

cells. The main focus of this section is the better correlation of the EL with the IR-

LBIC result using InGaAs detector in comparison to the Si-CCD camera. Figure 

86.a and 86.c shows the results of the EL emission from the ALILE TF solar cell 

recorded with the InGaAs detector at two different voltage biases in the forward 

direction: +0.8 and +1.2 V. EL measurements were also performed using the Si-

CCD camera at the same voltage biases and the results of these measurements on 

the ALILE TF solar cell are illustrated in figure 86.b and 86.d. The Si-CCD cam-

era results in a very faint EL signal intensity distribution at low voltage biases, as 

it is presented for the voltage bias of +0.8 V in figure 86.b. But a strong signal 

response was recorded using the InGaAs detector at about four times shorter ex-

posure time. After increasing the voltage bias, the EL signal response by using the 

Si-CCD camera correlates with the results of InGaAs detector (figure 86.d). Alt-

hough, the EL map obtained with InGaAs detector still demonstrates better image 

with higher S/N ratio. 

The reason of the higher EL signal response using the InGaAs detector is due to 

its higher sensitivity and also its improved wavelength response, which is extend-

ed more in the IR range. Using the Si-CCD camera, with a cut-off wavelength at 

1100 nm, only the short wavelength tail of the band-band luminescence could be 
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detected. An InGaAs detector is sensitive throughout almost the entire spectral 

range in which band-band emission from Si based solar cells occurs, and can also 

cover the long wavelength tail of the emission. Therefore, the EL measurement 

using the InGaAs detector can provide more information and the EL signals are 

obtained at lower bias voltages compared to the Si-CCD camera. At low bias con-

dition during EL measurement the parasitic thermal effects reduce due to the high 

current density and additional effects of the high voltage on the p-n junction be-

havior, e.g. high injection, is avoided. 

    
a)                                                       b) 

             
c)                                                        d) 

Fig. 86: EL signal distribution obtained from the ALILE TF solar cell, using the InGaAs detector, 

when the device is biased at +0.8 V (a) and +1.2 V (c) and using the Si-CCD camera when the 

device is biased at +0.8 V (b) and +1.2 V (d) (false colour scale from blue = small to red = large) 

[57]. 

The higher EL signal intensity at the mesa corner using Si-CCD camera is already 

discussed. Using InGaAs detector the higher EL signals intensity obtained from 

the mesa corner becomes more obvious and its difference from the signal in the 

active area covered with the TCO layer is comparable with the one obtained by 
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IR-LBIC. This characteristic could be explained with the spectral response differ-

ence of the signal emitted from the active area and the one from the mesa corner. 

As previously discussed, the signal from the mesa corner should be extended 

more in the IR range, whereas the signal from the active area is distributed around 

the bandgap of the absorber layer (~1170 nm). The sensitivity of the InGaAs de-

tector is much higher in the IR range compared to the Si-CCD camera as it can be 

seen in figure 18, which results in the higher signal response at the mesa corner. 

Therefore, the InGaAs detector is more suitable tool for detecting the surface tex-

ture and light trapping or light scattering structures. 

The ReBEL measurement performed using the InGaAs detector on the ALILE TF 

solar cell is presented in figure 87. The ReBEL signal intensity in this condition is 

much stronger compared to the one obtained using the Si-CCD camera at the same 

applied voltage. In contrast to the data obtained with the Si-CCD, the ReBEL sig-

nal response is also observed from the mesa corner of the solar cell. However, in 

contrast to the EL signal, the ReBEL signal from the mesa corner is weaker in 

intensity compared to the ReBEL signal from the active area covered with the 

TCO layer. Similar to the EL measurement, the ReBEL using InGaAs could pro-

vide the same information while performed at voltages with the lower absolute 

value in the reverse bias. Thus, the risk of the breakdown while performing Re-

BEL measurement decreases. Consequently, due to the higher sensitivity of the 

InGaAs camera, the ReBEL measurement is preferable using this setup to detect 

the defect related emissions in the reverse bias. 

 

Fig. 87: ReBEL signal distribution from the ALILE TF solar cell using the InGaAs detector, the 

device is biased at -3 V (false colour scale from blue = small to red = large) [57]. 

An important characteristic observed with the measurement performed on ALILE 

TF solar cell using the InGaAs detector was the correlation of the ReBEL and EL 

signal responses, which did not observe using the Si-CCD camera. Those correla-

tions confirm the existence of the areas which are active as recombination-
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generation centers. These areas which are active as recombination centre, when 

the device is forward biased, act actively as generation centers in the reverse bias, 

and derive the device operation in the soft breakdown regime. 
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8 Summary and Conclusions 

We presented implications and ongoing challenges for transferring some well-

developed microelectronics failure analysis techniques into photovoltaics. In this 

study, we focused on some issues that are more relevant for the parametric charac-

terization of the PV devices, particularly Si based thin-film technology, which are 

not well considered in such FA tools. It has be shown that great care has to be tak-

en to ensure the correct interpretation of the data by employing microelectronic 

failure analysis techniques and tools for the PV characterization. This is not due to 

imperfections of the tools or techniques, but rather is attributed to the different 

operating conditions of devices and requirements of these two worlds. 

The techniques of interest are the OBIC (Optical Beam Induced Current) and 

PEM (Photon Emission Microscopy). The backside OBIC, which is called IR-

LBIC in PV, was employed for characterization of Si based thin-film solar cells. 

For this purpose, first the arising challenges have to be overcome. The main chal-

lenge was the applied wavelength for performing the IR-LBIC measurement. We 

showed that the low absorption coefficient of the applied laser beam (1064 nm) 

could be used in some specific applications in thin-film solar cells to obtain in-

formation about the sub-bandgap response of the device and for detecting light 

scattering/trapping structures. Regarding to the specifics of IR-LBIC technique, 

some related important issues including spatial and depth resolution of the IR-

LBIC map was investigated and the influence of different material parameters 

were discussed. With a help of a pseudo 2D and a 2D simulation, we showed that 

the IR-LBIC map obtained by irradiating the device under short circuit condition 

represents the real value of the short circuit current. It has been also shown that 

the resolution of the JSC map by performing the IR-LBIC measurement on the 

thin-film solar cells, except for the optically thick absorber layer, is not just de-

termined by the minority carrier diffusion length in the absorber layer. The resolu-

tion is affected by the presence of the p-n junction, the surface recombination and 

also the presence of the BSF layer. It was also revealed that the open circuit volt-

age and thus the VOC dependent parameters which are all dependent on the dark I-

V characteristic of the entire device cannot be obtained using such techniques. 

Next, we investigated the laser power density applied to a thin-film solar cell 

while performing IR-LBIC measurements. The effect of this parameter was stud-

ied with a help of 2D simulation and effects of different parameters on the opera-

tion regime of the device were investigated. It has been shown that the applied 

laser power density and also the device characteristics should be considered to 

determine if the sample is operating in the high or low injection regimes. Other-

wise, the measurement results could be misinterpreted. We covered this topic us-
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ing three different approaches: an analytic investigation, a 2D device simulation 

and finally an experimental approach (PVD) based on the IR-LBIC setup. 

Another important issue is the possibility for quantitative analysis to extract the 

electrical and material parameters of the solar cell. We developed a program to 

process the huge amount of data produced by measurements such as IR-LBIC and 

EL using PHEMOS. Additionally, the problem with the misalignment of the im-

ages has recognized and discussed. Before applying any data processing algo-

rithm, images must be aligned spatially. The misalignment is with high probability 

due to the instability of the stage and the dark room, which becomes worse while 

using high magnification objectives. 

Furthermore, the IR-LBIC measurement was performed in the NIR range with a 

wavelength of 1064 nm on three different Si based thin-film solar cells: c-Si TF, 

ALILE TF and e-beam TF solar cells. The result of the IR-LBIC on the ALILE TF 

solar cell was compared with that of a typical LBIC measurement (532 and 620 

nm). The results were employed to define the texture structure of the solar cell. 

NIR light is much weaker absorbed due to the photon energy to be only slightly 

above the silicon bandgap energy and its absorption coefficient in the silicon is 

much lower compared to the visible light, e.g. at 532 and 620 nm. In thin-film 

solar cells (maximum 10 µm thick absorber layer), low absorption results in a 

very low electron/hole generation for vertical light incidence. Light scattering 

structures are diffracting the light into the horizontal direction which is large di-

mension in the thin-film solar cells. Thus, a comparably large current is induced 

since the overall absorption in the horizontal direction is high. This makes IR-

LBIC an excellent indicator of light scattering properties, such as mesa corner and 

even grain boundaries with a deep trench-shaped profile, in thin-film solar cells. 

Benefiting from the high resolution results provided by the PHEMOS setup, the 

PV activity in the NIR range at the grain boundary of the poly-Si absorber layer 

could be investigated. The IR-LBIC signal profile at grain boundaries of the 

ALILE TF solar cell shows an unexpected behavior, so that the signal response at 

the grain boundary was higher than the one from grain interiors. We investigated 

the possible reasons for the increased IR-LBIC signal response at given type of 

the thin-film poly-Si solar cell from the optical point of view. First, with the help 

of the AFM measurement the surface topography of the device at the grain bound-

aries were determined. Then with the help of optical simulation, the light scatter-

ing effect at the grain boundary was evaluated as one of the reasons for the higher 

IR-LBIC signal intensity at these areas. The results of the optical simulation 

showed that the semi-plane profile of the trench-shaped grain boundary in the 

given sample could not be the main reason for this behavior. Next, the effect of 

the absorber layer thinning in the vicinity of the GB on the PV activity in this re-

gion was presented. Although, it is less probable that the random grain boundary 

structures of the ALILE TF solar cell could result in such a characteristic. Finally, 
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considering the formation of the seed layer using ALILE process, the Al contami-

nation in the grain boundaries was evaluated as a probable reason. The optical 

simulation results show that the plasmonic effect at the grain boundary could be a 

more probable reason for higher IR-LBIC reason in GBs compared to the other 

two optical effects. Possibly these optical effects are accompanied by some elec-

trical effects such as two-stage excitation via electronic grain boundary states. 

In addition, the EL measurements were performed on the investigated thin-film 

solar cells. The IR-LBIC and EL monitor different interaction mechanisms in the 

interdigitated solar cells that correlate with different technology parameters. These 

results give an expanded insight into detailed device properties that correlate with 

solar cell performance. The inhomogeneity of the EL signals provides important 

information about the carrier collection efficiency, defects density distribution in 

the poly-Si absorber layer and can also be used to define solar cell properties like 

minority carrier lifetime and minority carrier diffusion length, quantitatively. The 

signal distribution could also be used to define the contact resistivity. 

Additionally, the spectral analysis EL and ReBEL measurements were implement-

ed. The results shows that, the EL signal is in a similar optical band as IR-LBIC, 

so light emitted in the horizontal direction is able to leave the active area at rough 

surface near the mesa corner of the ALILE TF structures because of the low ab-

sorption and finally scatters within the absorber layer. The spectral analysis of 

solar cells in reverse bias demonstrates different origin of the emission compared 

to the EL. Therefore, additional information about defects is available, which 

technically is detected as local generation center clusters. 

The EL measurement was performed using both Si-CCD and InGaAs detector on 

the ALILE TF solar cell. Both EL and ReBEL results obtained with these two de-

tectors were compared and advantages of using the InGaAs detector over Si-CCD 

were discussed. The EL measurements provide more information at relatively 

lower bias voltage and can be used as a strong technique for detecting the texture 

and trapping structure similar to what is obtained with IR-LBIC. The ReBEL 

measurement is preferable using InGaAs detector to detect the defect related 

emissions in the reverse bias. 

We could develop some new PV applications by applying the optical characteriza-

tion techniques from the world of µE devices to silicon based thin-film solar cells. 

We effectively employ the higher accuracy of these techniques to get more quanti-

tative evaluations. Therefore, use of microelectronic failure analysis tools in PV 

technology has been investigated and gives prominent outcome in practical adapt-

ing relevant techniques. Additionally, a better understanding of the challenges 

associ-ated with transferring these techniques into PV helps us to extend our ex-

pertise in microelectronic failure analysis. 
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