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Abstract

The uniformity of conductive materials is an important property in thin film electronic
applications such as solar cells and light emitting diodes (LED). Such uniformity variations are
often very small, invisible or below the surface of the film and thus are difficult to detect even
when using high-resolution characterization devices. Thus, surface measurement instruments such
as profilometer, atomic force microscope, or scanning electron microscope can all encounter
remarkable challenges. The uniformity of films can also be analyzed by conductivity
measurements. However, they do not provide the precise spatial uniformity information of a large
area sample.

To be able to investigate systematically the defects of conductive thin films an appropriate
sample preparation method was constructed. In addition, a synchronized heating and IR-imaging
based system (called synchronized thermography = ST) was developed to overcome the
limitations of existing characterization methods. ST performance was tested and analyzed by
measuring the single and multi-layer structures. In this work, Indium Tin Oxide (ITO) and
poly(3,4-ethylenedioxy-thiopene):poly(styrene-sulfonate) (PEDOT: PSS) were used as examples
of conductive thin films.

Obtained results show that ST is capable of localizing even small defects from thin film
structures based on a single IR-image. In order to make automatic identification of the defect
locations and the sizes of the defects, a data processing algorithm was implemented. The
performed experiments have proven ST capable of determining the conductivity of the films and
the critical bending curvature of ITO. Based on thin film multi-layer PEDOT:PSS measurements,
the results suggest use of the ST-method is also suitable for thickness measurements.

ST with automatic data processing is a simple method to localize small defects in large-area
thin film structures. This approach opens up new possibilities in measuring industrial scale
manufacturing processes.

Keywords: conductivity, IR-imaging, large-area, synchronized thermography, thin film
characterization, transparent conductive oxides, uniformity





Leppänen, Kimmo, Näytteidenkäsittelymenetelmä ja synkronoitu termografia
johtavien ohutkalvojen tasalaatuisuuden määrityksissä. 
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Sähkötekniikan osasto, Optoelektroniikan ja mittaustekniikan laboratorio
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Tiivistelmä

Johtavien materiaalien tasalaatuisuus on tärkeä ominaisuus ohutkalvoelektroniikan sovelluksis-
sa kuten aurinkokennoissa ja valoa emittoivissa diodeissa (LED). Tasalaatuisuuserot ovat usein
erittäin pieniä, näkymättömiä tai ne sijaitsevat pinnan alla, joten niiden havaitseminen on vaike-
aa jopa korkean resoluution karakterisointivälineillä. Niinpä pintaa mittaavat laitteet kuten profi-
lometri, atomivoimamikroskooppi ja skannaava elektronimikroskooppi kohtaavat merkittäviä
haasteita. Pinnan tasalaatuisuutta voidaan analysoida myös johtavuusmittauksilla. Ne eivät kui-
tenkaan anna täsmällistä spatiaalista informaatiota suurista näytteistä.

Johtavien ohutkalvojen rikkoutumien systemaattista tutkimista varten kehitettiin oma näyttei-
den käsittelymenetelmä. Lisäksi kehitettiin synkronoituun lämmitykseen ja infrapunakuvantami-
seen perustuva mittaussysteemi (menetelmän nimi: synkronoitu termografia = ST), jolla pyri-
tään ratkaisemaan nykyisten menetelmien rajoitukset. ST-menetelmää testattiin ja analysoitiin
mittaamalla yksi- ja monikerroksisten kalvojen rakenteita. Indiumtinaoksidia (ITO) ja poly(3,4-
etyleenidioksi-tiofeeni):poly(styreeni-sulfonaatti):a (PEDOT: PSS) käytettiin esimerkkeinä joh-
tavista kalvoista.

Tulokset osoittavat, että ST kykenee paikallistamaan pienetkin virheet ohutkalvorakenteista
jopa yhden infrapunakuvan perusteella. Automaattisen tiedonkäsittelyn algoritmi implementoi-
tiin identifioimaan virheiden paikkariippuvuuksia ja kokoja. Tehdyt kokeet osoittavat, että ST-
menetelmä soveltuu kalvojen johtavuuden ja ITO:n kriittisen taivutussäteen määrittämiseen.
Monikerroksisiin PEDOT:PSS rakennemittauksiin perustuen ST-menetelmä näyttäisi soveltu-
van myös ohutkalvojen paksuuksien määrittämiseen.

ST-menetelmä yhdistettynä automaattiseen mittaustiedon prosessointiin on yksinkertainen
menetelmä paikallistamaan pieniä virheitä suuripinta-alaisilla näytteillä. Tämä lähestymistapa
avaa uusia mittausmahdollisuuksia teollisuuden tuotantoprosesseihin.

Asiasanat: IR-kuvantaminen, johtavat läpinäkyvät oksidit, johtavuus, ohutkalvojen
karakterisointi, suuri alue, synkronoitu termografia, tasalaatuisuus
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Abbreviations  

AFM Atomic force microscope 

AM1.5G Airmass coefficient for 48.2˚ from zenith 

CPU Central processing unit 

DC Direct current 

e.g. Exempli gratia, for example 

HR TEM High resolution transmission electron microscope  

i.e. Id est (that is; in other words) 

IR Infrared 

ITO Indium tin oxide 

LED Light emitting diode 

LIT Lock-in thermography  

OLED Organic light emitting diode 

OPV Organic photovoltaics  

P3HT  Poly(3-hexylthiophene-2,5-diyl) 

PCBM Phenyl-C61-butyric asid methyl ester 

PCE Power conversion efficiency  

PEDOT:PSS Poly(3,4-ethylenedioxy-thiopene):poly(styrene-sulfonate) 

PET Polyethylene terephthalate 

PV  Photovoltaics  

RAM Random access memory  

ROI Region of interest  

RPM Rotations per minute  

RSD Relative standard deviation 

SD Standard deviation  

SEM Scanning Electron Microscope 

ST Synchronized thermography 

TCO Transparent conductive oxides  

USA United States of America 

  

CRR Resistance changing ratio  

d Cylinders diameter 

G Conductance 

I Current (A) 

J Current density 

L1 The distance between the resistance measuring probes 
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L2(d) The length of bending 

LNB Not bent part of the sample 

Md,row(y) 49 medians from every row of the sample map  

Med(ΔT) Median temperature of the sample 

Med(ΔT)th  The threshold value of median temperature of the sample 

P Electrical power 

R0 Resistance of the sample before bending on the distance of the 

length of half cylinder 

R1 Resistance of the sample after bending on the distance of the length 

of half cylinder 

R2 The square of the Pearson product moment correlation coefficient 

through data points in known y's and known x's 

RM0 Measured resistance of sample before bending on total sample 

length 

RM1 Measured resistance of sample after bending on total measuring 

length 

RNB Resistance of unbent part of bent sample 

Textracted(x,y) IR-map of extracted sample between the probes 

Tn(x,y) IR-map of the ROI 

Tp(x,y) IR-map of temperature rise of the sample 

Trt Sample specific room temperature  

U Voltage (V) 

 

∆T  Average temperature difference between the sample and room 

temperature 

□ Square (presented in combination with sheet resistance [/□] 
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1 Introduction 

1.1 Characterization of materials, processes and products in 

printed electronics 

Printed electronics is a field of modern technology enabling new properties within 

the field of electronics. Printed devices can be flexible, transparent, low-cost and 

large-area. Organic light emitting diodes (OLEDs) and organic photovoltaics 

(OPVs) are examples of those new products. [1] In printed electronics the 

electrically functional structures are fabricated by additive deposition methods 

(screen, gravure, inkjet, etc.) in order to produce products in an inexpensive 

manner. To guarantee a high production yield, an intensive characterization is 

needed. [2-7] There are several quality control steps in the process chain from the 

raw materials to the final products. Fig. 1 details the identified characterization 

needs and categorizes them into three groups. 

 

Fig. 1. Characterization needs in printed electronics. Red ovals highlight the areas 

which are within the scope of the method developed in this thesis. 

The importance of the above-mentioned generalized characterization needs vary 

depending on the final products of the printed electronics. Functionality, optical 

properties and electrical properties are important parameters in most applications. 

[1, 8-12]. In the case of materials research, the characterization requirements are 

typically related to rheology [13], particle distribution [14], wettability [15] and 

the chemical properties of the materials [16]. Respectively, in the materials 
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processes and production phase specific studies are often related to thickness [17], 

topology and roughness [18], lateral dimensions [19] and registration of the 

printed layer [20]. When the final products are ready, durability [21, 22] and 

lifetime issues [23, 24] become increasingly important.  

1.2 Conductive thin films, their features and applications  

Conductive thin films are used in many printed electronic applications such as 

transistors [25, 26] sensors [25-27] and optoelectronic devices [2-5, 25, 28]. In 

these applications flexibility is often required and therefore bending and 

reliability studies play an important role. When bending thin films such as 2000 Å 

thin copper film on PET substrate it has been found that crack formation begins 

after some hundreds of bending cycles. [29] Similar behavior has been seen for 

aluminum on PET. When studying the bending of thin copper films under 

different temperatures, relative humidity, bending radius, film thickness and 

frequency conditions, it has been found that these conditions have an effect on the 

cracking behavior of copper. [29] Happonen et al. [30] examined long-term 

reliability studies of conductive flex-to-flex structures. They found out that the 

resistance of the conductive films increases as a function of cycles and that, 

finally, conductivity of electrical components fail in the interconnections of thin 

film and substrate. The cause for the fail is a sudden decrease in adhesion force. 

[30]  

Bending and reliability studies have also been done for transparent 

conductive thin films. For example, in the case of indium tin oxide (ITO) it was 

found that the radius of bending and the number of bends had the biggest effects 

on crack formation [31, 32] and the radius of bending can be further calculated to 

strain values [28, 33]. When bending ITO, the cracks are formed depending on 

the direction of bending as long as the strain is not too high. However, when 

higher strains are applied the cracks also start to form perpendicular cracks 

against the original ones.[34] The brittleness of ITO has resulted in the 

development of alternative solutions, e.g. by adding other metallic interlayers to 

ITO structures [35] or replacing ITO with other substances such as graphene [36]. 

The deviations in the results of density of cracks [33, 37] or other deviations 

of the results [30, 34, 35] indicate that it is difficult to implement a sample 

bending device or a sample reliability testing device to perform repeatable 

bending measurements. 
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Transparent conductive films are used in many different applications, e.g. in 

low-emissivity windows in buildings, solar cells, light emitting diodes, flat-panel 

displays, electro-chromic mirrors and windows, defrosting windows, oven 

windows, static dissipation, touch-panel controls, electromagnetic shielding and 

invisible security circuits [38-45]. There is a variety of conductive films available. 

A careful consideration is needed to fulfill application demands such as flexibility, 

rugged behavior, good conductivity and uniformity. [5, 6, 46, 47] 

As uniformity is an important feature of conductive thin films, and it reflects 

on the other features named earlier, it should be measurable during the 

manufacturing and/or in the final product. In the laboratory the used 

characterization methods are typically either electrical, optical or a combination 

of these. The following sections give an overview of the methods published by 

other researchers and the background for the studies presented in this dissertation. 

1.3 Conductivity measurements 

Conductance is an important property of thin film layers and devices made from 

them. Transparent conductive oxides (TCO) are widely used in organic solar cells 

(OPV) and light emitting diodes (LED). In these applications the transparency of 

the material is also an important property. Thus, the development of materials and 

solutions towards the lowest possible sheet resistance (ohm/square = Ω/□) with 

reasonable light transmission (80% is often enough) is required. It has been found 

that metallic grids decrease the sheet resistance of TCOs but at the same time 

slightly decrease their transmission. To this aim other materials such as carbon 

nanotubes [7] and graphene-based structures have been developed and 

investigated intensively during the preceding years [48].  

The traditional conductivity measurement principle designed for thin film 

samples is based on the four-point probe method, which had already been 

introduced in 1950. [49] In this method, the measuring probes are in a row. The 

measurement system takes into account the relation of the probe distances and 

total length and width of the sample for rectangular shaped samples and the 

diameter of the sample for round sample geometries. Furthermore, for infinite 

large samples the thickness of the sample is also counted in the resistance 

calculation. [49] Over the years it has been found that this measurement principle 

has some error sources in resistance measurements. D. Worledge patented a 

system which reduces the errors of probe positions by utilizing advanced 

controller logic and calculations. [50] 
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There are also several material and fabrication process dependent factors 

which have a bearing on the conductance of thin films. Liu et al. [51] studied 

ultrathin (below 40 nm) copper films by using a four-point probe. They observed 

that samples with a thickness of less than 20 nm start to increase square 

resistivity. At a thickness of 10 nm the resistance was much higher than with a 

sample of 20 nm thickness. From 20 nm to 40 nm the resistivity still drops 

slightly. [51] Another practical observation was that when measuring the samples 

with a rough surface, the contact between the probes and the sample was 

dependent on the pressure load of the probes. When increasing the load, it 

decreased the electrical contact resistance. [52]  

 The conductivity properties of transparent films have been investigated 

intensively. One of the most commonly used conductive thin films is ITO. 

Because ITO is a brittle material, it is important to understand how mechanical 

stress affects its properties and its cracking behavior when it is used as part of a 

flexible component. Several investigations [53-58] into ITO’s resistance changes 

have been performed under various conditions. The resistance of ITO increased 

significantly when bending ITO between 5 mm and 8.9 mm bending diameters. 

[53] Another example of conductivity studies of transparent films are related to 

different poly(3,4-4ethylenedioxy-thiopene): poly(styrene-sulfonate) (PEDOT: 

PSS) film thicknesses (70 nm and 110 nm) by using a four point probe. It was 

found that the molar rations of PEDOT-to-PSS affect the sheet resistance of the 

final layer. [59] 

Due to the development of material and fabrication technologies the need for 

high lateral resolution (which requires even smaller areas) and better 

measurement accuracy has increased exponentially. Thus, the conductance 

measurement with microscopic four-point probes has also been further developed. 

[60] However, the four point probe system measures a rather small area at any 

one time, making it inconvenient to use for large-area samples. To solve that 

problem Shimanovich et al. [61] published an instrumentation study where a four-

point probe was automated with a moving and temperature stabilized table. That 

kind of device has been developed to provide a resistance map of large-area 

samples [61], but it is still rather time-consuming. 

1.4 Topological measurements 

Another widely used approach for thin films characterization is topological 

measurement. The examples of established topological tools to characterize 
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surfaces are: optical microscope [31, 53-56], atomic force microscope (AFM) 

[57], optical profilometer [57], high resolution transmission electron microscope 

(HR TEM) [57], scanning electron microscope (SEM) [55-57, 60, 62], X-ray 

photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), time-of-

flight secondary ion mass spectrometry (TOF SIMS) [63] and spectroscopic 

ellipsometry [64]. These techniques are designed to study the features with lateral 

dimensions from nanometer scale to micrometer scale. Due to that, they are able 

to visualize the non-uniformities or defects of the films in relatively small areas. 

Actually, these techniques are designed for measurement areas far smaller than 1 

mm2 [31, 54-57, 62]. Additionally, they are limited to observe deformations 

which occur mainly on the surface of the films. Therefore, the deformations or the 

defects inside the films are out of the detection range in many cases. 

1.5 Lock-in thermography 

Besides the already introduced electrical and topological methods, it is possible to 

characterize small defects in thin films by combining electrical modulation and 

infrared imaging. The established method in this field is known as lock-in 

thermography, whereby samples are heated and an infrared camera is used to 

image the temperature profiles [65-68]. The principles and applications are 

described in detail in two books written by Breitenstein et al. [69, 70] In this 

technique the modulated power is used to heat the object and IR-imaging is 

synchronized with the heat modulation. By utilizing this technique very small 

temperature changes can be detected in samples of small size. Within the 

framework of lock-in thermography the heating can be generated across the 

sample by using different methods, such as laser light. [66] However, laser-

heating is not selectively heating the conductive film and it very much depends on 

the used wavelength and the absorption properties of thin film structures. Based 

on the method description by Rakotoniana et al. [65] lock-in thermography is best 

applied by using mainly modulation times less than a second and even less than 

1/10 second. Therefore, heating periods of longer than a few seconds are no 

longer on the scope of lock-in thermography. One such example was introduced 

when integrated circuits were heated with direct current (DC) for 10 seconds, 

when almost the whole device heated up, thus the contrast of the IR-image was 

lost. [65] Although an IR-camera has been used for several imaging applications 

[65-68], lock-in thermography seems to be the only practical measurement 
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technique whereby a combination of IR-camera and electrical heating has been 

demonstrated successfully prior to the articles summarized in this thesis.  

Rakotoniana et al. [65] created a highly sensitive lock-in thermography (LIT) 

system in which the temperature resolution was down to the noise level of the IR-

camera, which, in that study, was around 10 µK. The spatial resolution with 

special microscopic objective was also as low as 10 µm. [65] Lock-in 

thermography has already been used in the field of thin films and electronic 

modules. Kunz et al. [67] and Straube et al. [68] studied the shunting problems 

due to sub-micron pinholes in solar cells. Sample sizes were in the range of 10 

mm2. [67, 68] Rakotoniana et al. [65] studied the weak heat sources in electronic 

devices and solar cells. In these cases the sample sizes were 10×10 mm and 

10×10 cm. [65]  

The detailed publication review of lock-in thermography shows how widely 

this technique is studied (Fig. 2) and what has been patented. 

Fig. 2.  Research activities related to the lock-in thermography. Percentages of 

citations in different application areas are shown in the sectors of diagrams. PV = 

photovoltaics, OPV = organic photovoltaics. 

Based on the Google Scholar data base over 5 thousand publications exist under 

the title of this topic. By conducting a search with the exact term “lock-in 

thermography” in the database of SciFinder, the result gave over 100 references. 

All of these articles were written between 1996 and 2014, representing around 

five publications per year on average. However, within the last seven years 

(including 2014) over nine articles have been published annually on average. Out 

of those over 100 references three were patents granted in the United States of 

America (USA). They covered topics related to time delay and dark field relations 
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[71], defect detection and response [72] and three dimensional hot spot detection 

[73]. These patents were published in the between 2010 and 2014.  

A specific literature search of the twenty most cited publications provided 

altogether over 300 citations. These can be divided into the following categories: 

method development [66, 74-78], inorganic solar cells (PV) [78-83], organic solar 

cells (OPV) [84], industrial materials such as epoxies [85], composites [86-88], 

metals [89], conductive bulk materials [90] and combination of different materials 

[91, 92]. The most sited journal articles (20 pieces) can be split to three main 

groups as shown in Fig. 2. Solar cells have been one of the most important 

application areas of this measurement technique. Published studies cover the 

shunts in solar cells [78, 79], non-uniformity issues [80], relation of current-

voltage curves and local defects [81], local efficiency analysis [82] and local 

electrical functionality [83]. However, there was only one study specifically 

related to organic photovoltaics (temperature profiles of OPV). [84]  

When analyzing the most recent publications (around one year ago), the 

applications are more or less in the same fields as mentioned earlier: method 

development [93, 94], inorganic solar cells [95-99], organic solar cells [100], 

industrial materials such as polymers [101, 102], composites [103, 104], metals 

[105], semi-conductive crystals [106], electrical devices [107], and one patent 

[73].  

Lock-in thermography technique is the closest technique compared to the 

proposed synchronized thermography method. The application areas of those 

lock-in thermography based studies seem to be only partially in the same field as 

this thesis (citations of OPV cover only 5% of most cited journal citations). 

Additionally, lock-in thermography technique requires current modulation as well 

as stable and well-arranged sample placements, making it difficult for these to be 

utilized in production circumstances.  

1.6 Thermal imaging 

Lock-in thermography uses thermal imaging as a detection technique while 

modulating the heating of the sample. Thermal imaging is also within the scope of 

this thesis. When talking about thermal imaging in general, the object is actually 

imaged in the specific wavelength range. Typical ranges are: 1-3 µm, 3-5 µm and 

8-12 µm and they have different sensitivity at different temperatures. Today, user 

requirements cover the temperatures from -20 ˚C to +1500 ˚C depending on the 

object studied. [108] Similar measurement ranges were reviewed in the study, in 
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which commercial thermal imaging systems were compared [109]. In the case of 

conductive thin films presented in this thesis, the object is close to the ambient 

temperature and the used measurement range was 7.5-13 µm. However, the 

optimal measurement sensitivity is not only dependent on the measuring range 

and temperature range. All materials have their own emission spectra which 

directly affect the thermal imaging. Christensen et al. [110] describe some 

emission spectra of major mineral classes such as carbonates, phosphates, 

sulphates and silicates in wavenumber range from 1600 cm-1 ‒ 400 cm-1. [110] 

This publication is just one example of molecular spectroscopy. However, in the 

case of thermal imaging the interest is not in the specific molecular vibrations but 

more in infrared emission. Due to this commercial infrared cameras have 

emissivity factors for typical materials like wood or tape. As a result these kinds 

of instruments do not provide absolutely accurate temperature values with which 

to compare different samples to each other. 

In addition to the already mentioned application areas such as electronic 

modules and solar cells, there are wide application areas for thermal imaging 

elsewhere. IR-cameras are widely used in industrial applications and in the field 

of thermal leak detection in buildings. [111] In these cases the measured objects 

are typically huge, the measurement requirements are different and the 

temperature changes are in the range of several degrees or tens of degrees. 

However, the IR-camera has been proven to make reliable diagnostics of 

buildings. The device is robust and it can be used as a portable device in varied 

conditions [111].  
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2 Aims of the study 

The aim of this doctoral thesis was to build a system to characterize large-area 

samples with high speed, high accuracy and adequate sensitivity. However, this 

thesis was not focused on the characterization of any specific material. Firstly, the 

used materials were chosen from the area of organic photovoltaics and organic 

light emitting diodes in order to demonstrate the applicability of this method for 

conductive thin film characterization. Secondly, the system was planned to be 

potentially usable and compatible in a roll-to-roll production environment. Thus, 

the system is designed to be as simple as possible in its instrumentation, as well 

as being relatively cheap and non-destructive as regards the thin films. 

 The first studies were done in order to obtain a comprehensive understanding 

of the breaking mechanism of brittle thin film (in this case Indium Tin Oxide = 

ITO) and its limitations, especially in flexible electronics. Thus, a methodology to 

treat the samples was generated. A repeatable bending method was created to 

produce both very small defects and clear cracks for the samples.  

Finally, a fully developed ST system should be capable of detecting the 

defects in thin films, to qualify them, to locate the breakage in lateral dimensions 

and then to prove the relationship of the defects and conductivity. The possibility 

of indicating the thickness of multiple thin films and subsequently measuring the 

defects of multiple films was also investigated. Additionally, a model to 

demonstrate and then understand the meaning of non-uniformity in practical 

product was designed. 
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3 Materials and methods 

The ‘Materials’ section includes the description of used materials and their 

preparations for measurement, while the ‘Methods’ section describes the method 

to measure conductivity, the synchronized thermography method and an 

algorithm to automate data processing of IR-data. It also includes a short 

overview of other instrumentations used. All samples handling and measurement 

methods are summarized in Table 1.  

Table 1. Description of how different articles are presented in the topics of this thesis, 

used feature = X, not used feature = -. 

Paper Bending 

method  

Punching 

method 

Spin-

coating 

method  

Conductivity 

measurements

Synchronized 

thermography 

measurements

Result 

Sections 

Other 

reference 

method 

I X - X X - 4.1 and 4.5 X1,2 

II X - - X X 4.2 X1 

III X X - X X 4.3 - 

IV X - X - X3 4.4 X4 

1 Optical profilometer 
2 Power conversion efficiency 
3 Multi-layer structures 
4 Averaging the values of IR-map 

3.1 Materials 

3.1.1 Considerations of the samples 

ITO is one of the most common transparent conductor materials used in 

electronics. Its advantageous properties are: good transparency in visible 

wavelengths, great electrical conductivity, high work function and relatively wide 

band gap. However, ITO is a brittle material, which is expected to limit its 

suitability in flexible electronics applications. Due to the lack of any better 

replacement, it is widely used in flexible electronics [2-6, 38, 47, 112].  

PEDOT:PSS (product code Heraeus CleviosTM HTL Solar [113]) is also a 

very general material in the case of organic solar cells and organic light emitting 

diodes (LED). In both of these application areas the uniformity demand is high. 

Besides the spin-coating method [114, 115], PEDOT:PSS can be deposited, e.g. 

by using different printing techniques [116-120]. Two main research fields in the 

area of organic optoelectronics for PEDOT:PSS are OPVs [121, 122] and organic 
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light emitting diodes (OLED) [121, 123], where it functions as a whole 

transporting layer. However, PEDOT:PSS can also be used as a highly conductive 

electrode when treating it with suitable solvents [124]. When using it as a part of 

OPV the current density of the whole solar cell can also be increased by utilizing 

suitable solvents [125]. Therefore, PEDOT:PSS have wide usability in printed 

electronics.  

3.1.2 Thin film samples 

The samples were made from commercial polyethylene terephthalate - Indium tin 

oxide (PET-ITO) films, manufactured by DuPont. The article code of DuPont 

Teijin film was Melinex ST 504. Specifications of ITO were: nominal resistance 

50 Ω / square and thickness 125 nm. The thickness of PET was 125 µm. All 

samples were made from this material.  

Before starting sample handling procedures, samples were cut to specific 

dimensions, which are shown in Table 2. The original sample length was 

dependent on the width of the PET-ITO roll, which was 305 mm (sample material 

used for solar cells were cut from separate sample sheets, where the length of the 

samples was around 315 mm). Depending on the specific purpose of the study, 

the samples were cut to such a length and width which were practical in these 

sample handling and measurement steps.  

Sample dimensions in different sub-applications are summarized in Tables 2 

and 3. Sample treatment was done by the bending method in each case (papers I-

IV), at least for some of the samples. The dimensions of the samples, together 

with their bending device parameters, are also presented in Table 2. When the 

conductivity was measured or they were heated by using electricity (ST was 

performed), the sample dimensions were kept constant. The results of IR-

measurements are dependent on the region of interest (ROI) (Table 3). The details 

of the data processing methods are described in sections 3.2.3 and 3.2.4.  

ITO covered the whole area of the PET film for all of the samples mentioned 

in Tables 2 and 3 except for those samples which were used for producing solar 

cells. ITO was etched away from the sides, leaving only a 13 mm wide stripe of 

ITO in the middle. The samples were subjected to bending by using the method 

described in section 3.1.3.  



 

29 

Table 2. Sample information 1/2. 

Paper,  

set of 

samples 

Application Number of 

samples 

Bending  

device [mm] 

 Measurement 

dimensions [mm] 

Length Width Length Width 

I Breaking mechanism 32 305 35  100 35 

II Synchronized thermography 32 305  35  100 35 

III The meaning of multiple 

breakages distribution 

5 150 35  100 35 

IV, 1 Demonstration of multi-layer 

structures 

1 - -  30 39 

IV, 2 The thickness evaluation of 

multi-layer structures 

3 - -  40 35 

IV, 3 Non-uniformity on the first 

layer  

1 70 39  39 39 

I Building solar cells from 

cracked ITO layer 

7 315  31  -  - 

 

Table 3. Sample information 2/2. 

Paper, set 

of samples  

 ROI [mm] Presented 

results 

Sample preparation details and other sample related 

info Length Width 

I  - - 4.1 25 samples by bending, includes 5 replicate samples 

bent with all cylinders 15, 20, 25, 30 and 53 mm; 5 

samples by pulling; 2 samples as reference 

II  80 31 4.2 25 samples by bending, includes 5 replicate samples 

bent with all cylinders 15, 20, 25, 30 and 53 mm; 5 

samples by pulling, 2 samples as reference 

III  varying varying 4.3.1 

4.3.2 

4.3.3 

4 samples by punching, 1 sample by first bending and 

then punching 

IV, 1  14 14 4.4.1 Spin-coating partially with PEDOT:PSS  

IV, 2  19 25 4.4.2 Spin-coating with PEDOT:PSS  

IV, 3  25 31 4.4.3 Bending and spin-coating with PEDOT:PSS 

I  - - 4.5 5 bent and 2 reference samples correspond to 40 solar 

cells and 16 reference solar cells, i.e. 8 solar cells were 

on every sample frame.  

Varying = depends on the sample, the dimensions are indicated with the results. 
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3.1.3 The sample bending device  

The samples were bent by using cylinders with diameters 53, 30, 25, 20 and 15 

mm. The only exception was when solar cells were produced. They were bent by 

using 10 mm cylinder diameter before the production phase (Paper I). In all cases 

the radius of bending curvature was controlled by the cylinder diameter. The 

layout of the sample bending device is shown in Fig. 3.  

Fig. 3. The set-up of the bending device (Paper I). 

Each sample was prepared by utilizing the approach whereby the sample was bent 

over the cylinder. Each sample was pressed against the cylinder, pulling it with a 

kilogram weight. Surface roughness is known to affect the strength of ITO [57]. 

Due to that PET substrate was in contact with the cylinder and ITO remained free 

from attrition, scratches or depression. Thus, we can expect that it was cracked in 

the sample handling device simply by the force used for bending it. In this device, 

the stable cylinder was placed horizontally and the film was hanging from the 

cylinder with a specified 1 kg gravity force. This arrangement was developed to 

minimize the effects of variations by keeping the samples in stable orientation 

during bending. The effect of a 1 kg pulling force was also tested and noticed not 



 

31 

to be affecting the conductivity of the samples. Bending time was 3 minutes. 

Resistance measurements and IR-imaging were made later in planar orientation, 

i.e. the samples were not in bending form during the measurements. 

3.1.4 Puncturing the samples 

One set of punctured samples (paper III) was produced to prove the assumptions 

based on the conductivity and ST measurement results obtained from bent 

samples and in order to study the effects of differently located breakages. These 

samples were punched by using a paper puncher. The diameter of one off-

punched area was 5.45 mm2. The location of holes were varied to be 

perpendicular to the direction of current, parallel with the direction of current or 

in an indefinable order. The photographs of the samples are presented together 

with their results (section 4.3). Additionally, there was a sample which was first 

bent with a 30 mm cylinder and then punctured.  

3.1.5 Spin-coating PEDOT:PSS 

Three sets of samples were cut from PET-ITO roll to the sizes shown in Table 2. 

PEDOT:PSS was spin-coated for one minute (speed 4000 times/min) on top of 

plasma-treated (1 minute with helium) ITO followed by 5 minutes annealing at 

70°C. These samples were used to evaluate which kinds of uniformity differences 

are detectable by the ST method. One sample was spin-coated partially with 

PEDOT:PSS to see the effect of a PEDOT:PSS layer on the IR emission of the 

sample. Respectively, in the second type of sample, three PEDOT:PSS layers 

were spin-coated on top each other. The last sample was first bent to make small 

defects to the ITO layer and then the sample was spin-coated with PEDOT:PSS. 

The purpose of bending was to produce the small local defects in the ITO-layer. 

The bending was done as described earlier, but the used weight (1300 g) was 

adjusted to match the wider width (39 mm) of the samples. The diameter of the 

cylinder was 25 mm.  
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3.2 Methods 

3.2.1 Conductivity measurements 

The resistance was measured to have the reference values for the obtained IR-

imaging values. The practical part of this thesis was started with comprehensive 

resistance measurements of the bent samples to produce background information 

for the required ST imaging measurements. The principles presented in this 

section were used in the studies presented in paper I (results are presented in 

Section 4.1). The resistance measurements were done before bending, 

immediately after bending, and 2 and 24 hours after bending for each kind of 

sample, with 5 replicates. Furthermore, room temperature and humidity values 

were measured, because it was known that the variations from temperature and 

humidity might have some effect on the performance of ITO [31]. During these 

measurements room temperature varied between 21.1 °C - 22.7 °C, respectively 

humidity varied between 36.8% - 55.1%. In this case, these variations were 

considered not to have had any significant influence on the results.  

The resistance measuring probes were placed in the unbent area of ITO. The 

largest cylinder had 53 mm diameter which corresponds to 83.25 mm (53 mm × π 

÷ 2) bent length of ITO. Therefore, the distance between the probes was selected 

at 100 mm, which was above the value of the largest bending distance. As the 

exact effective sample bending length from the diameters of the bending cylinders 

is known, it was also possible to calculate the resistance changing ratio (CRR) on 

the sample bending area. The assumptions of the calculations are:  

- The square resistance of unbent sample is uniform. 

- The bent area is the only area of the sample where the square resistance 

changes. 

Based on previous deductions all resistance changes occur on the length of 

bending L2(d). At the same time the resistance of the unbent length of the sample 

(LNB, the other areas between the probes) remains unchanged. When the diameter 

of the cylinder is fixed, it is possible to calculate CRR by dividing the resistance of 

the sample before and after bending (R0 and R1) according to the distance of the 

length of half cylinder. Fig. 4 illustrates the resistance measurement setup. The 

distance between the resistance measuring probes (L1) and the length of bending 

L2(d) are marked on the figure.  
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Fig. 4. The layout of resistance measurement set up (Paper I, published with the 

permission of © Elsevier 2013). 

CRR was calculated by using the equation (1). 

Where:  R1 = Calculated resistance of sample after bending on affected 

sample length 

R0 = Calculated resistance of sample before bending on affected 

sample length 

RM1 = Measured resistance of sample after bending on total 

measuring length 

RNB = Resistance of unbent part of bent sample. Resistance did not 

change in this part of the sample. 

RM0 = Measured resistance of sample before bending on total 

sample length 

L1 = Distance between probes, 100 mm 

L2(d) = Length of the active sample bending, L2(d)=π×d/2, where 

d= diameter of cylinders 

LNB = Not bent part of the sample, LNB = L1-L2(d) 

 

The resistance was measured using Agilent 34401A 6 ½ digit multimeter by using 

2W power. Each resistance measurement value presented in Section 4.1 was 

measured from five parallel samples. Measurement was repeated after a certain 

time period (immediately after bending, and 2 and 24 hours after bending) in 

order to validate the data and demonstrate the time dependency of crack 
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developments. The samples were kept in planar orientation between these 

measurements to avoid stretching or stressing the samples. 

3.2.2 Synchronized thermography, measurement setup and devices 

In the proposed method (developed in Paper II) the electrical heating of the 
samples is synchronized with IR-imaging in a process called synchronized 
thermography (ST). In the original arrangement (Fig. 5), the sample was powered 
by placing it between two probes, which were 100 mm apart. The probes were the 
same as those used in conductivity measurements. However, the distances of the 
powering probes and the used currents (DC) (heating the sample) were varied 
(Table 4). In all of the presented results of this thesis the triggering period (sample 
heating time before IR-camera took the IR-image) was set at five seconds. Fig. 5 
shows the measurement setup. 

 

Fig. 5. Measurement setup of the synchronized thermography (ST). Triggering starts 

heating the sample with electricity and after five seconds IR camera was triggered to 

take a picture of the sample. (Paper II). 

IR images were measured by using a FLIR b60 Infrared camera, the wavelength 

range of which was 7.5-13 µm. The temperature ranges used were different 

depending on the measuring parameters (distance of power probes, voltage and 

width of the sample) and breakage levels. In the results section, the case-



 

35 

dependent temperature ranges are shown in the figures. Direct current was 

generated by using an ITT Instruments AX 323 power source. The measurement 

parameters are presented in Table 4. The average temperature increase of the 

heated sample was required to be at a level of a few degrees in order to avoid 

possible errors caused by fluctuating room temperatures during the 

measurements. To compensate for the effects of small temperature changes, the 

actual room temperature was measured at the same time as the sample (details are 

described in the next Section).  

Different synchronization times (between 5 and 15 seconds) were tested with 

20 V (Paper II). Five seconds was found to be a reasonable time to heat the 

sample and the applied voltage was set to the values shown in Table 4. These two 

parameters (synchronization time and voltage) have to heat the sample 

sufficiently but at the same time not heat it too much in order to avoid 

unnecessary temperature diffusion. With a 5 second triggering time and the used 

voltages, it was possible reach such dynamic temperature increase rates that it 

was possible to separate the non-uniform and uniform areas. The IR camera was 

installed on a stable stand where the distance from the camera lens to the middle 

of the sample was measured. During the studies in Papers II and III, 25 cm (Fig. 

5) was used, but with further studies (Paper IV) other distances were also used to 

maximize lateral resolution (Table 4).  

Table 4. Instrumental parameters in the synchronized thermography studies. 

Paper, reference Distance of power probes [mm] Distance from lens to sample [cm] Voltage [V] 

II 100 25 20 

III 100 25 20 

IV1 30 13  10 

IV2 40  10  12  

IV3 39 13 12 

1 first set of samples  
2 second set of samples  
3 third set of samples 

The IR-camera used was calibrated using a Lutron TM-903 thermometer which 

was calibrated with iced water (0 °C) and boiling water (100 °C). The temperature 

reading of the IR camera was calibrated to the following temperatures: 20 °C (± 

1 °C), 22 °C (± 1 °C), 30 °C (± 1 °C) and 40 °C (± 2 °C). These values fit well 

with FLIR b60 specifications, where accuracy was specified to be ± 2 °C. 
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Measurements were done by using 256 temperature levels and an image size 

of 240×240 data pixels. When the temperature range was set from 21 °C to 46 °C 

(which was the case in Paper II), it results in a temperature resolution better than 

0.1 °C. The purpose of the ST measurements was to determine the temperature 

variation of heated samples. Based on that, the relevant spatial information non-

uniformities were obtained. The measured temperature values were normalized to 

room temperature by placing the unheated reference sample sheet close to the 

measured sample and measuring its temperature at the same time as the sample. 

Room temperature normalization was done because temperature variations of 

different samples were compared to each other. Simultaneously with measured 

IR-images it was possible to measure current and voltage by placing Agilent 

34401A 6 ½ digit multimeters with serial and parallel connections to the system, 

as shown in Paper II. Thus, it was possible to calculate the conductance of the 

sample from the measured values at the time of the measurement. The original 

conductance values of all samples were also measured before and after ST 

measurements by using the resistance measurement mode of the same multimeter. 

3.2.3 IR-image pre-handling for further evaluations  

This section describes how the processed data gathered by the IR camera was 

finally covering only the values of the sample in the region of interest (ROI). This 

was done in order to exclude temperature diffusion on the edges of the samples. 

The original IR-data set includes the temperature profiles of the actual sample, the 

powered reference sample and some of the surrounding areas. In order to 

determine the temperature change in ROI, the following steps are needed. The 

presented numbers of data points were valid in the studies presented in Paper II; 

for the other papers the data point numbers were different, because sample shapes 

and distances from the IR-camera were different, as explained in Table 4. 

However, the same procedure was done with updated values for all the analyzed 

data sets. 

1. Extracting sample area and reference temperature 
2. Sample specific room temperature (Trt) is subtracted, [Eq. (2)]:  

           p extracted rtT x, y T x, y T ,   where x 1,2, 157} and y 1,2, 55              (2) 

3. To exclude reflection from probes and cooling at the edges of the sample, 
ROI was selected, named (Tn(x,y)). 
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The details from the original image through two intermediate steps to ROI are 

described together with pixel sizes and sizes in square millimeters in Table 5. The 

same steps are also illustrated in Fig. 6.  

Table 5. Data processing pre-handling steps (Paper II, published with the permission 

of © OPTICS EXPRESS 2013). 

Step Name of the 

IR-image 

Data pixels Size [mm2] Description of the image 

0 Original IR-

image  

240×240 153×153 The sample, not powered reference sample and some 

surrounding area 

1 Textracted(x,y) 157×55 100×35 IR-map of extracted sample between the probes 

2 Tp(x,y) 157×55 100×35 IR-map of temperature rise of the sample 

3 Tn(x,y) 125×49  80×31 IR-map of the ROI 

 

Fig. 6. From original IR-image to ROI. Blue is the coolest and orange is the warmest 

area. All samples were extracted to the size of Tn(x,y) to exclude temperature diffusion 

(in the case of the cracked samples, it was extracted on the side where the 

temperature was the highest and the part where diffusion occurred was cut out). 

(Paper II, published with the permission of © OPTICS EXPRESS 2013). 

3.2.4 Defining major and minor breakages and calculating results 

In Paper II the background information from Paper I was used: the conductivity 

of ITO decreases significantly when defects appear as cracks on the surface. In 

this context, the defects which are not cracks are defined as minor breakages. 

Respectively, when cracks appear on the surface defects are called major 

breakages. Figs. 7(a) and 7(b) show the physical differences measured with an 

optical profilometer for uncracked and cracked samples.  
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Fig. 7. Figures (a) and (b) show images measured by optical profilometer a) Uncracked 

sample (reference sample) b) Cracked sample (bent with 15 mm cylinder, arrows point 

to cracks). The dimensions of a) and b) were 158 µm (y-axis) × 119 µm (x-axis) c) 

Med(∆T) of cracked and uncracked samples, which were measured by ST. Samples are 

all the samples mentioned in Tables 2 and 3, Paper II. (Paper II, published with the 

permission of © OPTICS EXPRESS 2013).  

Another perspective for the same phenomena can be calculated from the figures 

measured using the ST method by calculating the median temperature (Med(ΔT)) 

from the IR-images. In Paper II this was done by calculating the medians from 

every row of the sample map [Eq. (3)], and then calculating the median value 

from these medians [Eq. (4)]. This information was used to classify the 

breakages. 

        nMd,row y Md T x, y | x 1,2, 125 ,  where y 1,2, 49                      (3) 

       Med T Md Md, Row y | y 1, 2, 49                                  (4) 

This classification is shown in Fig. 7(c): there is a clear gap on Med(ΔT) value 

between cracked or uncracked samples. 
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In Paper II the samples were classified based on breakage level, and the 

location of the defect was determined. This was done by using the automatic data 

processing step described in Fig. 8. As cracked samples have significantly lower 

values, the threshold value Med(ΔT)th was set to +2 °C. These parameters were 

defined for the used ITO samples and they are dependent on parameters such as 

sample dimensions, used voltage and synchronization time. If using these 

principles for some other materials or sample sizes, the instrumental parameters 

and limits needs adaptation. The detailed method development steps and the flow 

chart of the automatic data processing method are explained in Paper II. 

 

Fig. 8. Flow chart ending on major and minor breakages. (Paper II). 

3.2.5 Solar Cell on top of cracked ITO 

Solar cells were produced by starting with the commercial PET-ITO sheets as 

substrates. The samples were first bent using the method described in Section 

3.1.3. Five arrays of solar cells of eight cells each were produced on top of bent 

(10 mm cylinder) PET with patterned ITO. Respectively, two arrays of reference 

solar cells were produced on top of unbent samples, a total of 16 solar cells. Fig. 9 

(a) shows the layout of one array of solar cells. The dashed line illustrates the 

position of the 13 mm ITO line. The size of every solar cell was 5 mm × 3 mm. 

The layers of the cells are shown in Figure 9 (b). The method of solar cell 

production is as follows:  

1. The samples were cut to a size suitable for solar cell production. 

2. They were UV treated for 60 second to enhance their wetting properties. 

3. The hole transporting layer PEDOT:PSS (Clevios PVP AI4083) was supplied 

by H.C. Stark. PEDOT:PSS was spin coated at 6200 RPM resulting in a layer 

thickness of approximately 30 nm .  

4. This was then dried under vacuum at 110 degrees for 1 hour. 

5. The active layer was spin-coated on top. Poly(3-hexylthiophene-2,5-

diyl)[P3HT] was supplied by Sigma-Aldrich, and Phenyl-C71-butyric acid 

methyl ester [PCBM] was supplied by Nano-C©. The active layer blend was 

formed by making the solution in a 1:0.8 ratio [62] with a concentration of 30 
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mg/ml, dissolved in 2ml of 1.2-dichlorobenzene. The solution was stirred at 

55 degrees overnight to form a uniform blend. The active layer blend was 

then spin-coated inside a nitrogen filled glove box at a speed of 450 rotations 

per minute (RPM) on top of the previously spin coated PEDOT:PSS layer. 

6. After drying the sample for 1 hour at room temperature in the glove box, the 

film was annealed at 150 degrees for 15 minutes. 

7. A 0.6 nm lithium fluoride layer and a 120 nm aluminum layer were 

deposited, respectively, as electrodes by thermal evaporation through a 

shadow mask. 

 

Fig. 9. Structure of solar cells (a) layout of the solar cell array (b) layers of the solar 

cells are illustrated in the following order: Al and LiF are cathode materials and the 

bottom layer of every solar cell, P3HT:PCBM is the active layer, PEDOT:PSS is the hole 

transporting layer, ITO works as anode and wire solar cells to cathode, PET is the 

substrate of the solar cell. (Paper I, published with the permission of © Elsevier 2013). 

3.2.6 Reference sample profiling studies and power conversion 

efficiency studies  

Sample topology measurements were made using a Bruker ContourGT 

profilometer with the following parameters: measurement type: Phase-Shifting 

Interferometry (PSI), green light, objective with 20 times magnification and 

measurement area X: 0.158 µm, Y: 0.119 µm. These measurements were done to 

see if the cracks appear on the sample (Papers I and II) and to determine the 

thickness values of thin films (Paper III).  
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For measuring the photovoltaic characteristics of solar cells in Paper I, an Air 

Mass 1.5 Global (AM1.5G) solar simulator with AAA classification was 

employed as the light source. Light intensity was calibrated to 100 mW/cm2 using 

an NREL calibrated crystalline Si reference cell. Power conversion efficiency 

(PCE) was obtained from corresponding current density J [mA/cm2] – voltage U 

[V] curves (J-V curves).  
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4 Results 

The results are divided into five main sections. The first section describes the 

results of conductivity measurements and evaluates the film breakage. This 

provides the background for the subsequent sections. The second section 

describes the results of synchronized method development. The third section 

proves that the locations of the breakages measured by synchronized 

thermography are reliable; it also expresses the effects of breakage location 

variation. The fourth section shows the thickness measurements of PEDOT:PSS 

and how the different non-uniformities of thin films can be characterized in multi-

layer structures. The fifth section demonstrates the practical meaning of cracks on 

organic solar cells and how the orientation of the cracks affects the conductivity. 

4.1 Breaking mechanism of ITO  

The breaking mechanism of ITO was studied to discover what the critical bending 

curvatures are for ITO samples. The measurements were first done using 

traditional methods by utilizing resistance and topological means. The results 

show that even small changes in the structure of ITO change its resistance. 

Topological measurements proved the defects when the cracks reached the 

surface. 

Fig. 10 (a) presents CRR values for the samples bent using 15-53 mm 

diameter cylinders. The results of the samples bent with 25-53 mm cylinders are 

presented again in Fig. 10 (b) in enlarged scale. Both figures also illustrate the 

time dependency of breakage as the samples were measured immediately after 

bending and then again after 2 and 24 hours. In the case of samples with cracked 

ITO (diameters 15 mm and 20 mm), CRR value increased significantly within the 

first 2 hours and also slightly between 2 and 24 hours. The reason for this change 

is unknown, but it may indicate that the crack formation continues within this 

time period. For those samples bent with a 53 mm (Fig. 10 (b)) cylinder the 

defects arise immediately, but in the case of samples bent with a 30 mm cylinder, 

there is only a slight increase in CRR value during the first two hours. When 

bending was done using 25 mm and 30 mm cylinders, CRR increase reached the 

final value in two hours. 

The culmination point of breakage occurs around the 20 mm cylinder (Fig. 10 

(a)), where CRR starts to increase rapidly compared to the larger cylinders. 

Respectively, CRR values of 20 mm measurement points are much lower than CRR 
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values of 15 mm measurement points. When further observing the breaking 

mechanism of ITO (Fig. 10 (b)), it was found that even small changes in the 

structure of ITO alter its resistance. However, no cracks were observed on the 

surface of the samples before the critical bending curvature.  

Fig. 10.  (a) Average CRR results from five parallel samples for different cylinder sizes. 

(b) Zoomed result for the samples bent with 53, 30 and 25 mm cylinders. The 

measurements were obtained immediately after sample bending (♦, black), 2 h after 

bending (■, grey) and 24 h after bending (▲, black). (Paper I). 

When comparing relative standard deviation (RSD) values of samples (data is 

presented in detail in Paper I) before and after critical bending curvatures, there is 

a dramatic difference: the values of the samples bent with smaller cylinders (15 

and 20 mm) vary from 12% to 27%. Respectively, variations of the values of the 

samples bent with larger cylinders were below 2%. These observations are 

explained by the fact that the cracks do not arise in a completely uniform pattern. 

Generally speaking, CRR values increase when proceeding to the smaller 

bending dimensions, from 53 mm to 25 mm. It indicates micro or nano crack 

formation [40]. Unfortunately, this hypothesis was not able to be confirmed 

because the defects are not visible with the topological measurements used. 

However, the strong dependence (Fig. 10 (b)) between cylinder size and 

conductance indicates that when bending with cylinder diameters larger than 25 

mm this can already cause small defects in these samples (minor breakages).  

Figs. 7 (a) and (b), already presented in the method section, are the images 

measured by profilometer. Fig. 7 (a) presented a typical ITO surface profile of an 

unbent sample. Fig. 6 (b) presented a typical ITO surface profile of the sample 

bend with a 15 mm cylinder. The cracks appeared on the ITO layer when the 

sample was bent with a 15 mm or 20 mm cylinder. However, the number of 

cracks on the same area is smaller in the case of bending with a 20 mm cylinder. 



 

45 

Table 6 shows the effect of the used cylinders on the number of cracks and thus 

indicates typical behavior. As the visual examination of topography images was 

done randomly from the bent areas, there are variations on crack density: the 

number of cracks depends on the specific point of examination. 

Table 6. The number of cracks after bending with different cylinder diameters, and 

comments. (Paper I, published with the permission of © Elsevier 2013). 

Cylinder 

diameter (mm) 

Crack 

density 

Comment 

15 19-44 / mm The number and depth of the cracks varied from profile to profile.  

20 6-25 / mm The number and depth of the cracks varied from profile to profile. 

Typically there were 13-19 cracks / mm on the samples. 

25 No cracks It is not possible to set up criteria for describing how the 25 mm sample 

clearly differs from the reference sample, but there might be some 

places where the ITO layer is slightly bent above the PET substrate. 

30 and more and 

reference  

No cracks No clear variations between different samples. Some places were 

slightly different, which is probably due to different ITO thickness. 

The data gathered using the profilometer (Table 6) confirm the measured 

conductance behavior presented in Fig. 10: when the bending diameters are small 

enough to produce the cracks then the resistance ratio CRR values also increase.  

When comparing resistance increase and the number of cracks, it is possible 

to draw a linear curve with good correlation to them (R2=0.97, where R2 is the 

square of the Pearson product moment correlation coefficient through data points 

in known y's and known x's; in this case the data pairs are: number of cracks and 

CRR) (Fig. 11). These measurements were done 24 hours after bending. The 

number of cracks was observed by using samples bent with 20 mm to 15 mm, but 

as a comparison the sample bent with 25 mm is also presented. Every CRR value 

is based on one sample, and the number of cracks was measured by making five 

topologies from each sample (standard deviation (SD) values are presented) with 

the profilometer. When observing the starting point of the crack formations, there 

seems to be a threshold on the graph: when the first cracks appear (the critical 

bending curvature), the resistance increases dramatically. This can also be 

observed on the graph when comparing the data of cracked samples with linear 

trend line to an uncracked sample bent with a 25 mm cylinder.  
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Fig. 11. The relation between resistance and the number of cracks (correlation 

coefficient of linear determination = R2 = 0.97). (Paper I, published with the permission 

of © Elsevier 2013). 

The average number of cracks for all three samples bent with a 20 mm cylinder is 

quite similar (13-14 cracks). The data of two samples bent with a 15 mm cylinder 

vary more. However, the values between differently bending cylinders are 

explicitly different. This indicates that crack formation is the dominant cause of 

conductivity change. 

4.2 Electrical heating synchronized with IR-imaging to determine 

thin film defects  

This section provides deeper understanding about the breakage of ITO as it 
enables the characterization of the breaking phenomena before the detectable 
cracks are formed on the surface of ITO. 

Outcomes of the ST method for each sample were: breakage type, breakage 

area and breakage map. In addition, the correlations between average temperature 

and conductance of the samples and breakage area and conductance of the 

samples are presented.  
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4.2.1 Results of evaluated ITO samples  

Typical temperature maps of samples with located breakages are shown in Fig. 
12. Red lines indicate the identified breakage areas. 

 

Fig. 12. Thermographs (Tn(x,y)) of different types of breakages; a) Reference; b-d) 

samples with minor breakages; e, f) major breakage, cracked samples. Red lines 

border the breakage areas. (Paper II, published with the permission of © OPTICS 

EXPRESS 2013). 

The typical temperature profile of the reference sample is shown in Fig. 12 (a). In 

Fig. 12 (b), there is quite a large breakage (see dark red borders) located on the 

edge of the sample. This sample was bent by using a 53 mm cylinder. Figs. 12 (c) 

and 12 (d) show the minor breakages (see dark red borders) bent respectively with 

30 mm and 25 mm cylinders. These Figures are typical pixel maps of the samples 

with minor breakages. In contrast, Figs. 12 (e) and 12 (f) show the typical pixel 

maps of the samples with major breakages bent respectively with 20 mm and 15 

mm cylinders. The area of cracks is in the middle of the red bordered pixel maps 

overlapping the area where the bending occurred. Thus, the larger cylinder 

diameter (20 mm) has a larger broken area. In this case the conductivity was 

decreased over the whole width of the sample. Therefore, the temperature of the 

cracked area increased more than in the undamaged area. 
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Fig. 13 (a) shows ΔT as a function of conductance for samples with major 

breakages. Respectively, Fig. 13 (b) presents the breakage area of the samples 

with minor breakages as a function of conductance. 

Fig. 13. a) ∆T (°C) of samples with major breakage is presented as a function of 

conductance (mS) (correlation coefficient of linear determination = R² = 0.97). ∆T is the 

average temperature increase of the broken segments. Samples bent with 15 mm 

diameter: □; Samples bent with 20 mm diameter: ○; b) Breakage area as a function of 

conductance. Samples bent with 25 mm and 30 mm cylinder and breakage appeared: 

□. Trend line (correlation coefficient of linear determination = R² = 0.86) is drawn with 

these samples. Not broken samples bent with 30 mm cylinder: ▲, Samples which 

were bent with 53 mm cylinder ×, Reference samples prepared with pulling mode +, 

References without any sample preparation: ○ (conductance of these was measured 

at the time of IR measurement) (Paper II). 

Fig. 13 (a) shows that ΔT is a meaningful factor on major breakages and there is a 

good linear correlation (R2=0.97) between ΔT and conductance. Based on that, 

ΔT can be used as a criterion to define the degree of major breakage. 

Respectively, Fig. 13 (b) indicates that there is also relatively good linear 

correlation (R2=0.86) between the breakage area and conductivity for samples 

with minor breakages. Broken samples are marked with □ and a linear trend line 

has been drawn with them. All five samples which were bent with 25 mm 

cylinders have the largest breakage areas. Respectively, those three broken 

samples, which were bent with 30 mm, represent the lowest breakage areas above 

the zero level. Additionally, there are two broken samples, which were bent using 

53 mm (marked with ×) cylinders. These values fit well with the trend line drawn 

in the figure. The rest of the samples (marked with ▲, ×, + and ○) were not 

detected as being broken and their conductance values were higher than the 

broken samples. 

When investigating the smallest breakages on the sample bent with a 30 mm 

cylinder (Fig. 12(c)), the breakage detection is explicit. However, the same 
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treatment did not show any breakage for two other samples (Fig. 13(b), marked 

with ▲). In this case the conductance values were also slightly higher. Therefore 

bending seemed not to affect all of the samples to the same extent. The same kind 

of phenomenon was seen also for those samples bent with a 53 mm cylinder 

(marked with ×). However, the breakage was on the side of these samples and the 

reason for the breakage was most probably different. 

4.2.2 Data processing time  

When planning to implement the measurements into a production control 
environment, the speed of the automatic evaluation process is a crucial factor. 
Therefore, the speed of the used script was tested. The computer had 3.4 GHz 
Intel Core i7 processor, 8 GByte Random access memory (RAM) and 64 byte 
processing. The CPU-times (central processing unit-times) from pre-handled 
image to the final results (ΔT, breakage area, defect map) for the samples were 
48.9± 17.5 (22 samples) milliseconds for minor breakage evaluations (including 
also the samples with undetected breakages) and 46.8 ± 16.4 (10 samples) 
milliseconds for major breakage evaluation. These values enable the use of this 
kind of evaluation in on-line applications.  

4.3 IR-imaging based system for detecting the defects of 
conductive materials 

The focus of this section is to show how ST is capable of detecting breakages 

when the breakages are located with different orders. In section 4.3.1 and 4.3.2 

IR-thermographs of punched samples are shown. As a conclusion, section 4.3.3 

shows how different breakage locations affect the conductivity of these samples.  

4.3.1 Demonstration of how sample puncturing affects the IR-
thermograph 

In Fig. 14 puncturing effects are demonstrated with IR-thermographs. All figures are 

related to the same sample. In this demonstration, the size of the non-conductive area 

and the conductivity are known precisely. 
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Fig. 14. Thermographs (Tn(x,y)) of the punched samples: a) before any hole was 

punched; b) one punched hole; c) three punched holes; d) average temperatures of 

the sample as a function of number of holes. ■ represent sample with zero, one and 

two holes. ● represent sample with three or four holes. The holes are marked on the 

figures (a) - (c) with pink circles. Arrows on top of figures a) - c) show the direction of 

the current. (Paper III). 

By puncturing the sample it is possible to demonstrate how the holes affect the 

IR-thermographs. Fig. 14 (a) shows the temperature map before any holes. When 

looking at the area of the first hole (i.e. the area boarded with pink oval, Fig. 14 

(b)), the temperature of the hole is not increasing. However, there are another two 

areas on the sides of the hole which increase by several degrees. Similar flow 

behavior is seen when liquid flows around a circular cylinders [126]. When 

observing the case with an additional two holes (Fig. 14 (c)), the area of not 

increased temperature is roughly tripled. At the same time the area of increased 
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temperature is seen in six separate areas. Similarly, the temperatures of the other 

areas decrease slightly compared with the case in Fig. 14 (b). The same 

phenomenon can also be seen in Fig 14 (d), which shows the average 

temperatures of the sample as a function of the number of holes. This shows that 

the location of adjacent defects has an influence on thin film conductivity 

properties. This will be explained in more detail in section 4.3.3, where 

conductance values are compared to breakage area. 

4.3.2 IR-thermographs of the samples with different locations of 

holes  

Fig.15 presents IR-thermographs of two samples punctured in different hole 

orientations at their final stage, when all of the holes were punctured. Obtained 

breakage area and conductance values are used later in the conductance 

evaluation (section 4.3.3). 

Fig. 15. Thermographs (Tn(x,y)) and photographs of punched samples: a) thermograph 

of the sample with holes in one segment; b) thermograph of the sample with holes in 

the same row; c) photograph of sample a); d) photograph of sample b). Arrows on top 

of every figure show the direction of the current. (Paper III). 

Fig. 15 (a) corresponds to the photograph shown in Fig. 15 (c). The area of four 

holes is between the raised temperatures (in Fig. 15 (a)). The same phenomenon 
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was demonstrated already in Fig. 14. However, in this case un-punched areas 

have significantly raised temperatures. In these areas the current has to pass the 

column (perpendicular to the applied electric field) of the holes. These areas of 

raised heat energy also diffuse to the neighborhoods also including to the areas of 

the holes. 

Fig. 15 (b) corresponds to the photograph in Fig.15 (d). The holes are now in 

a row (blue area). Now the highest local temperatures do not rise very much 

higher than the unpunctured sample (Fig. 14 (a)). When comparing the highest 

temperatures of Fig 15 (b) to Fig 15 (a), the values remain much lower. The 

measured temperatures in the holes remain far below the unbroken part of the 

sample. However, they are slightly increased. This is caused most probably by 

temperature diffusion from warmer areas.  

Fig. 16 (a) corresponds to the photograph in Fig. 16 (c) with all the holes in it 

and Fig. 16 (b) shows the same figure with automatic breakage detection. This 

third sample had the same features as the previous ones. In this case the holes 

were punctured in 2 rows, where the position of the holes was shifted slightly. 

The holes were punctured with a specific pattern shown in Fig. 16 (c). 

Fig. 16. Thermographs (Tn(x,y)) and photograph a) thermograph of the sample with 

patterned punched holes; b) same sample with automatic breakage area detection, red 

lines border the breakage areas; c) photograph of the same sample. Arrows on top of 

every figure show the direction of the current. (Paper III). 
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The previous section (4.2) demonstrated the results of bent samples with 

automatic breakage area detection. Fig. 16 (b) shows how this automatic breakage 

area detection script (now slightly enhanced, the details of the script are contained 

in Paper III) defines the breakages of this complex IR thermograph. As seen in 

Fig. 16 (b), the breakages are found approximately in the area where they actually 

exist. However, the developed method is limited to characterizing the broken 

areas only roughly to the right positions, when the breakages are remarkable. In 

addition, this method detects some defects which are not holes. These areas are 

located on the right and left sides of the sample. They are detected either because 

of IR reflection from power probes or because some small additional defects have 

occurred to this sample during sample preparation. 

4.3.3 Description of how breakage distribution affects conductivity  

The previous two sections showed how ST was able to detect breakages when the 
breakages were located with different orders. In this section the correlation of 
resistance and breakage areas of the samples with different breakage orientations is 
demonstrated.  

The resistances of the samples described in previous sections were measured 

before any defect and after specified defects as described in Table 3. The order of 

punctures is shown in Figs. 15 and 16. The changes in resistances [%] were 

calculated from the measured data. The change of resistance is shown as a 

function of the area of breakage.  

The results shown in Fig. 17 are obtained by measuring the resistances after 

each puncture for four differently punctured samples. This data is shown as a 

function of the area of the holes. There were two segmentally punctured samples. 

Their trend lines (measuring points for these samples are marked with × and ○) 

show that resistance increases with exponential tendency. The same effect was 

demonstrated earlier when the overall temperature of the sample dropped as the 

second hole was punched in the same segment (see difference between Figs. 14 

(b) and 14 (c)). This was due to exponential resistance increase which reduced the 

amount of current. This also causes the observed temperature decrease. 

Respectively, when the holes are punched in the same row (measuring points are 

marked with □), resistance increase is shown linearly as a function of the 

breakage area (the linear trend line is in the figure). Furthermore, when the holes 

were punched by using a specific pattern with both row and segment orientations 
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between the holes (photograph of the pattern is seen in Fig.16 (c)) the data points 

(marked with ▲) also remain between the extreme cases. 

Fig. 17. Resistance change as a function of breakage area. Resistance change for the 

punched samples. □: the holes in the same row, ×: the holes in the same segment after 

bending, ▲: the holes added as specific pattern, ○: the holes in the same segment 

(Paper III). 

4.4 Synchronized thermography for multi-layer thin film 
characterization  

This section describes how multi-layer structures are seen by the ST method. The 

products of printed electronic devices often include several layers of thin films. 

Therefore, it was meaningful to examine how ST works with multi-layer 

structures.  

4.4.1 The change in IR-thermograph when one PEDOT:PSS layer is 

partially added on top of ITO  

Fig. 18 shows that when ITO is covered only partially by a PEDOT:PSS layer, the 

temperature of the sample increases less significantly.  
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Fig. 18. IR-thermograph (Tn(x,y)) having partial PEDOT:PSS layer on top of ITO (Paper 

IV).  

4.4.2 The effect of PEDOT:PSS layer-thickness on IR-thermograph  

The previous section showed how the PEDOT:PSS layer decreased the IR-

emission of the sample. To study the thickness of PEDOT:PSS and its effect on 

the IR emission the thermographs of three samples were measured in four stages. 

The emissions were measured first from uniform PET-ITO layers and then after 

depositing one, two and three uniform PEDOT:PSS layers using spin coating. Fig. 

19 presents the average temperature increase as a function of the number of 

PEDOT:PSS layers. 
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Fig. 19. The average temperature decreases as a function of the number of 

PEDOT:PSS layers. Error bars are standard deviations of three samples. (Paper IV). 

Fig. 19 shows that the temperature drops according to the added layers. The 

standard deviations of measured values from three samples indicate that the 

number of layers can be distinguished by detecting the decrease of average 

temperature. When adding the third layer, the results between two or three layers 

start to overlap: standard deviations of the overall temperature increase are 

partially overlapping, indicating the detection limit of the method with the used 

parameters. It is also possible that the film thickness (the thickness of the first 

layer was around 20 nm, measured by optical profilometry) of additional layers 

starts to change whenever more layers are added on top of each other. This 

phenomenon has already been studied by de Saint-Aubin [115], who found that 

when annealing every layer (as also done in this study) the number of layers (de 

Saint-Aubin named it ‘deposition step number’) and the measured thickness did 

not increase fully linearly. These interaction phenomena could be a subject for 

further studies. 

4.4.3 The effect on thermograph when small defects of ITO are below 

uniform PEDOT:PSS layer  

Fig. 20 shows an IR-thermograph of the sample, where uniform ITO (Fig. 20 (a)) 

was first bent by a cylinder whose diameter was 25 mm and which was known to 
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cause some small defects to the surface of ITO (Fig. 20 (b)) and then covered 

with uniform PEDOT:PSS (Fig. 20 (c)).  

Fig. 20. Thermographs (Tn(x,y)) of the same sample were measured in three moments: 

a) when the ITO layer was uniform b) when ITO was bent and small local defects 

occurred c) when one uniform PEDOT:PSS was on top of non-uniform ITO. The 

defects are marked on IR-thermographs with numbers. (Paper IV, published with the 

permission of © SPIE 2014).  

In Fig. 20 (b) there are three small defects on the bent ITO layer. Fig. 20 (c) 

shows, that when adding the uniform PEDOT:PSS layer on top of the defective 

ITO the average temperature of the emission drops. However, two bigger defects 

of ITO are still detectable even though the layer of PEDOT:PSS (layer thickness 

around 20 nm) reduces the ability to detect defects. Due to this the smallest defect 

is no longer evidently detectable from the temperature profile. 

4.5 Solar cell performance  

In order to analyze the effect of film uniformity on solar cell performance, some 

solar cells were produced on cracked and uncracked ITO substrates. The spin-

coating method was used to deposit the hole transport layer and active layer on 

top of the ITO. The layer of ITO was cracked by bending it with a 10 mm 

cylinder before depositing the rest of the layers. 

It was expected that the performance of cells would drop, because the 

direction of the cracks was perpendicular to the direction of the charge carrier 

path in the solar cell stack. In Fig. 9 (figure of the solar cell) cracks were in a 

horizontal direction. The samples, which were used for solar cells were made 

from different roll than other PET-ITO samples and they were processed in order 

to pattern ITO (etched). These samples were observed to be more stable against 

bending. Therefore bending diameter was adjusted to 10 mm. The cracks were 

observed by using an optical profilometer and the CRR values were always greater 
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than 6. The measured PCE values and statistical information about the 

functionality of the solar cells with and without cracked ITO are summarized in 

Table 7. All of these values were calculated by using J-V curves of the samples, 

which corresponds well also with previous studies [127]. 

Table 7. Functionality of solar cells. All PCE values mentioned are those of functioning 

cells. (Paper I, published with the permission of © Elsevier 2013). 

 Total number 

of solar cells 

Functioning 

cells 

Average PCE 

value (%) 

Standard 

deviation 

Lowest value 

of PCE (%) 

Highest value  

of PCE (%) 

Samples  40 36 0.78 0.25 0.33 1.39 

References 16 15 0.52 0.21 0.32 0.87 

As seen in Table 9, the PCE values of the broken and reference samples are not 

statistically significantly different. This proves that even though the ITO is 

slightly cracked, the performance of solar cells did not collapse. Additionally, at 

least 90% of both references and of the samples were successfully produced and 

measured, which confirms the repeatability of the production of the cells.  

Based on the literature review it was assumed that when the conductivity of 

ITO drops, solar cell efficiency should also drop [128]. There are several possible 

reasons for the results, which are in conflict with the previous conclusions. It is 

possible that during the first stage of these cracks, the decrease in conductivity 

may also be compensated by an increased effectiveness of the surface. Thus, the 

first organic layer of PEDOT:PSS possibly has better contact with ITO, which 

compensates for the effect of the reduced conductivity of ITO. Additionally, in 

these experiments solar cell sizes were rather small. Therefore, it is possible to 

assume that broken ITO does not yet decrease the efficiency in such a small area. 

This feature probably provides some freedom to use ITO in flexible electronics.  



 

59 

5 Discussion 

5.1 Measurement results 

The developed Synchronized Thermography with automatic data evaluation was 

able to detect and categorize different breakage types and mark the location of the 

breakages in the temperature map of the sample. In the case of minor breakages 

the current bypasses the broken areas and thus the temperatures of the areas 

(according to their distance from the probes) close to the breakages are increased. 

For the major breakages, the temperature of the cracked area of the sample is 

increased. In these cases, the current density on the edges of breakage areas was 

increased. 

When looking at the details of the samples bent with a 53 mm cylinder (Figs. 

12 (b) (breakages were on the corners of the samples) and 13 (b) (where two of 

them had the breakages (marked with ×)), it seems possible that these samples 

developed a small breakage at the time they were cut to shape, because the 

breakage is on the corner of these samples. However, this does not reduce the 

value of the detection capabilities of the developed instrument. Actually, it has 

been already concluded by Kogut et al. [52] that it is challenging to measure the 

resistance of rough surfaces, which is also the case of this study, where ITO 

samples were used. Increasing the measuring load causes a reduced electrical 

contact resistance [52]. Thus, it is understandable that it was not possible to 

distinguish very small resistance changes.  

ITO and PEDOT:PSS were chosen as examples of stacked thin films when 

ST was applied to characterize the uniformity of multi-layer structures. Within 

these studies it was observed that PEDOT:PSS coating decreases the overall 

temperature of a sample and works as a thermal emission filter. It was also 

possible to distinguish the thickness difference caused by the first and second 

layer deposits. The thickness of the first PEDOT:PSS layer (20 nm) was rather 

easy to measure by profilometer. However, reference measurements of the film 

thickness of multiple layers were not done as a part of this study. Thus, the 

measurements of film thicknesses in nanometer scale from several layers are the 

subject of further studies. Non-uniformities in PEDOT:PSS layers can be detected 

as either inadequate coverage or thickness variations. It is also possible to localize 

the defects in the ITO layer through PEDOT:PSS. The applied method provides 

obvious benefits for multi-layer thin film uniformity measurements. However, 
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this creates uncertainty as to identification of the layer of breakage. It is not 

possible to reliably detect in which layer the defect locates in multi-layer 

structures. This is an area which could be studied in the future. The reliable 

nanometer-level thickness measurement resolution would be a remarkable benefit 

for the industry and therefore this approach is most interesting. 

5.2 Synchronized thermography in comparison to other methods  

When comparing ST to other automated conductivity measurement methods [61], 

it is obvious that ST has more potential in the production site because it is able to 

analyze a large area by a single measurement. In the case of previously used 

conductivity methods, multiple measurements were required. As ST is based on 

imaging, it does not directly measure conductivity values as resistance 

measurement devices measure them, but, as demonstrated in section 4.2, the 

results have correlation with conductivity. Therefore, they can be traced to 

conductance values.  

The closest method compared to ST was lock-in thermography. As presented 

in the introduction [65-107], that method was utilized in circumstances where the 

environmental factors were well-controlled and the presented temperature 

resolution was even at a level of 10 µK [65]. With this technique, where heating is 

modulated several times during one second, the diffusion of the temperature is 

more limited and very small defects can be localized precisely. However, the idea 

behind the ST-based measurement system was to keep the method simple and 

sensitive but to compromise somewhat in the resolution of defect localization. 

Both techniques utilize the same principle, namely that in order to reach the best 

sensitivity the temperature of the sample was modulated. However, ST was 

planned to produce significantly greater temperature differences in the sample. 

This enables the possibility of using the method even in those environments 

where the environmental temperatures gradually change. Additionally, the 

instrumental setup is easy and simple automatic evaluations open the potential to 

production control applications. This opens up new possibilities to study the 

quality of conductive thin films without additional studies of modulation phases, 

which had been used in lock-in thermography. 

When comparing ST to other instrumental techniques like optical profiling 

methods or conductivity measurements, the benefits of ST to both of these 

method types are significant. The differences and benefits are proven in sections 

4.2-4.5. Benefits are: sensitivity to measure defects which are not yet cracks; 
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possibility to measure defects on multi-layer structures; localization of the defects 

and, finally, there is potential in the production applications.   

5.3 Practical benefits of synchronized thermography  

When producing thin film devices, there are a lot of considerations to be taken 

into account, such as used materials, barrier layers, substrate candidates, 

variations in transparent semi-conductive and conductive oxides. [129] 

Furthermore, layer thickness of the active layer has been found to be an important 

influencing parameter on the electrical characteristics of organic thin film 

transistors [130]. Stability issues of polymer solar cells have an important role as 

well [131], because they significantly affect energy production efficiency. The 

most important issues for organic solar cells are: maximizing power conversion 

efficiency (PCE) and life time. In order to achieve low production costs a high 

through-put roll-to-roll manufacturing concept has also been developed. [132] For 

future research the following topics have been planned: roll-to-roll quality control 

studies, measurements of traditional Silicon- based solar cell modules, and time-

resolved studies of temperature profiles after the electrical heating has been 

switched off.  

With automatic evaluation it is possible to determine the degree of breakage. 

This information can be used to define the quality control parameters for 

production. The interesting possibilities are in roll-to-roll fabrication, where the 

method must be best suited to its environment. It has to be straightforward, 

automatic, robust and not affected by environmental temperature changes. Fig. 21 

illustrates the principle of how synchronized thermography can be installed into 

the process of roll-to-roll printing environments. In this case the web is connected 

between the rolls from the starting roll to the final roll.  
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Fig. 21. Illustration of the set-up of how synchronized thermography can be installed 

into a roll-to-roll production line.  

The ST method should fulfill the aforementioned process requirements. In 

Paper II the used size of the infrared-map was 240×240 pixels and it covered 

around 150×150 mm2. As there are commercial IR-imaging instruments with 

pixel amounts of 1280×1024, it is possible to cover around 800 mm widths with 

one camera, which fits well into the roll-to-roll manufacturing environment. Thus, 

ST is a promising method for the production of flexible electronics on a mass 

production scale. Furthermore, as the average of CPU-time of the used automatic 

method was below 50 milliseconds, it is fast enough to be used in process control 

applications. In roll-to-roll fabrication there are several consecutive processing 

and deposition units to fabricate multi-layer structures and those might affect the 

mechanical stress on samples. This might cause some damage to the structures.  

The second possible future research area is related to solar cells. Studies of 

traditional solar cells have shown that it is possible to measure the cell conditions 

even through the sealing glass. Solar cell units (both organic and inorganic) are 

produced by connecting multiple solar cell modules together. If a single solar cell 

module is broken, the performance of the whole unit drops significantly. [133] 

When measuring solar cells without any sealing, the emission details are clearly 

visible and defects are detectable. Fig. 22 illustrates the pre-study of the defect of 

a not-sealed inorganic solar cell module. Two cells were connected in parallel. 

The cells were connected to each other by a connection line (in the middle of the 

figure). The left cell was working properly, but the right cell was broken (fracture 

is clearly visible on the left side of the right cell). Therefore, the rest of the cell is 

not warming when heating the module with electricity. Further details of these 

studies will be presented in detail in future publications.  
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Fig. 22. Thermograph (Tn(x,y))of solar cell module with two cells connected in parallel. 

Broken cell is on the right.  

The time-resolved study of temperature profiles is a promising topic for future 

research. When switching off the heating of film and measuring the time 

dependence of the temperature profile caused by a defect (time-resolved studies), 

there is a hypothesis that the sizes of the defects have dependence with 

temperature behavior. These examples of future projects express that 

synchronized thermography have potential for wide range of applications.  
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6 Summary 

This thesis presents a new sample preparation method and measurement system 

called synchronized thermography (ST) to characterize uniformity of conductive 

thin films. In the ST method the sample is electrically heated and IR radiation is 

collected, analyzed and interpreted. Fig. 23 shows the background, the core of the 

thesis and the new possibilities for future research and applications. 

Fig. 23. Double funnel of topics related to the research of this thesis. Topics above 

and below funnel describe the background and future opportunities respectively.  

By synchronized thermography it is possible to discover, identify, localize and 

classify the defects. Additionally, there exist possibilities to determine the 

thickness of the thin films. The method is advantageous for off-line 

characterizations of large-area conductive thin films and it opens up new 

prospects in manufacturing process measurements. 
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