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Abstract
Transparent electrodes (TEs) are the essential elements of many optoelectronic

devices such as solar cells, touch screens, organic LEDs, and LCDs. Conse-

quently demand for TEs is growing very steeply and the market value presently

stands at 8 billion USDs. The state-of-art indium tin oxide (ITO) has an ex-

cellent trade-off between optical transparency and electrical sheet resistance

but suffers from several drawbacks, mainly the increasing cost due to indium

shortage, and inadequate flexibility due to poor mechanical ductility.

This thesis presents the development of a new class of TEs based on ultrathin

metal films (UTMFs). The work started from understanding the fundamental

aspects of UTMF growth and properties, and then focused on different UTMF

based geometries, composition, and combination for potential applications in

different optoelectronic applications.

Single component ultrathin Ni and Cr films were shown to possess signif-

icantly high transparency in the ultraviolet (175–400 nm) and mid-infrared

(2.5–25 µm) regions making them viable TE for devices such as UV photodi-

odes, and IR pyroelectric detectors. The natural oxidation process, which is

a major concern for metal films, has been exploited to achieve stable metallic

films by inducing a protective oxide layer.

In another proposed novel design, incorporating an ad hoc conductive grid,

the sheet resistance of UTMFs can be reduced by more than two orders of mag-

nitude with negligible loss in transparency, which in turn eliminates the inverse

trade-off relationship between optical transparency and electrical conductivity

of continuous metal based TEs.

A TE structure based on the ultrathin conductive Cu films with an appli-

cation specific functionalized capping layer of Ti or Ni layer has been demon-

strated. The properties of the TE can be tuned accordingly and show excellent



stability against temperature, and oxidation. The suitability of Ag-Cu alloy

films as TE as an alternative to ITO has been also investigated. The optical

spectrum of such alloy films follows the average optical behavior of single com-

ponent Cu and Ag layers, thus resulting in a much flatter optical response in

the visible region.

UTMFs combined with Al doped ZnO (AZO), which is possible ITO replace-

ment, has also been demonstrated to show the possibility of hybridizing the

two technologies. A bilayer Ag/AZO has been developed which can overcome

the high reflection of metals and retain their good electrical behavior, while

maintaining a minimum total film thickness. In another structure, UTMF

capping layer were used to improve the stability of AZO. It was found that

an ultrathin oxidized Ni capping layer with a thickness at percolation thresh-

old greatly enhances the stability of AZO layer in harsh environment without

affecting the electro-optical properties.



Resumen
Los electrodos transparentes (TEs) son elementos básicos de muchos dispos-

itivos optoelectrónicos, tales como células solares, pantallas táctiles, LEDs

orgánicos i LCDs. En consecuencia, la demanda de éstos TEs está creciendo

paulatinamente y con un valor de mercado actual de 8 billones de dólares

(USD). El estado del arte del óxido de estaño dopado con Indio (ITO) ofrece

un excelente compromiso entre transparencia óptica y resistencia eléctrica de

hoja pero también tiene inconvenientes, principalmente de precio debido a la

escasez del Indio, así como de una inadecuada flexibilidad debida a una baja

ductilidad mecánica.

En esta tesis se presenta el desarrollo de una nueva clase de TEs basados

en capas ultradelgadas de metales (UTMFs). El trabajo empieza des de la

comprensión de los aspectos fundamentales relacionados con el crecimiento de

los UTMF y sus propiedades, para luego focalizarse en diferentes geometrías,

composición y combinaciones para diferentes aplicaciones potenciales en el

campo de la optoelectrónica.

Las capas ultradelgadas monocomponentes de Ni y de Cr han mostrado tener

significativamente alta transparencia en el rango ultravioleta (175-380nm) y

en el Infrarrojo mediano (2.5-25um), haciéndolos, por tanto, TE viables para

dispositivos tales como fotodiodos de UV y detectores piroeléctricos del IR.

El proceso natural de oxidación, el cual es un problema central para las capas

metálicas, ha sido aprovechado para conseguir capas metálicas estables gracias

a una capa protectora de óxido.

En otro novedoso diseño, gracias a la incorporación ad hoc de una malla

conductora, la resistencia eléctrica de hoja de los UTMFs puede ser disminuida

hasta dos órdenes de magnitud y con una pérdida de transmisión despreciable,

y por lo tanto, elimina el compromiso limitante entre transparencia óptica y



conductividad eléctrica de los TE basados en capas metálicas continuas.

Una estructura de los TEs, basada en una capa conductora ultradelgada

de Cu, la cual puede ser funcionalizada para aplicaciones específicas con capas

protectoras de Ti o Ni, ha sido demostrada. Las propiedades del TE pueden ser

modificadas bajo control y muestran una excelente estabilidad a la temperatura

i la oxidación. La idoneidad de la aleación Ag-Cu como capa alternativa al ITO

para los TE ha sido también investigada. El espectro óptico de esta aleación

sigue el comportamiento óptico medio de las capas monocomponentes de Ag

y Cu, y por lo tanto se obtiene una respuesta óptica mucho mas plana en la

región del espectro visible.

Los UTMFs en combinación con ZnO dopado con Al (AZO), el cual es una

opción factible como sustituto del ITO, ha demostrado la posibilidad de hi-

bridar ambas tecnologías. Una bicapa de Ag/AZO ha sido desarrollada, la

cual evita el problema de la alta reflexión de los metales y mantiene a su vez

sus buenas propiedades eléctricas con un espesor total de capa mínimo. En

otra estructura, la capa protectora de los UTMF ha sido utilizada para mejo-

rar la estabilidad del AZO. Se ha visto que una capa protectora ultra-delgada

y oxidada de Ni con un espesor igual a su límite de percolación, mejora no-

tablemente la estabilidad de las capas de AZO, manteniendo sus propiedades

electro-ópticas, incluso en condiciones severas.



Publications
Journal publications

1. D. S. Ghosh, T. L. Chen, N. Formica, J. Hwang, I. Bruder, V. Pruneri:

“Improved transmittance of Cu-Ag alloy layer by spectrum flattening

and its application in organic photovoltaics as transparent electrode,”

Communicated.

2. T. L. Chen, D. S. Ghosh, N. Formica, V. Pruneri: “Graphene as an anti-

permeation and protective layer for indium-free transparent electrodes,”

Communicated.

3. N. Formica, D. S. Ghosh, T. L. Chen, C. Eickhoff, I. Bruder, V. Pruneri:

“Highly stable Ag-Ni based transparent electrodes on PET substrates for

flexible organic solar cells,” Communicated.

4. D. S. Ghosh, T. L. Chen, N. Formica, J. Hwang, I. Bruder, V. Pruneri:

“High figure-of-merit Ag/Al:ZnO/Ni nano-thick transparent electrodes

for indium-free flexible photovoltaics,” Accepted, Solar Energy Materials

and Solar Cells.

5. T. L. Chen, R. Betancur, D. S. Ghosh, J. Martorell, V. Pruneri: “Effi-

cient polymer solar cell employing an oxidized Ni capped Al:ZnO anode

without the need of additional hole-transporting-layer,” Applied Physics

Letters 100, 13310 (2012).

6. T. L. Chen, D. S. Ghosh, D. Krautz, S. Cheylan, V. Pruneri: “Highly

stable Al-doped ZnO transparent conductors using an oxidized nickel

capping layer at its percolation thickness,” Applied Physics Letters 99,

93302 (2011).



7. S. Cheylan, D. S. Ghosh, D. Krautz, T. L. Chen, V. Pruneri: “Organic

light emitting diode with indium free metallic bilayer as transparent an-

ode,” Organic Electronics 12, 818 (2011).

8. D. S. Ghosh, R. Betancur, T. L. Chen, V. Pruneri, J. Martorell: “Semi-

transparent metal electrode of Cu-Ni as a replacement of ITO in or-

ganic photovoltaic cells,” Solar Energy Materials and Solar Cells 95, 1228

(2011) (highlighted in Nature Photonics “News and Views”).

9. D. S. Ghosh, T. L. Chen, V. Pruneri: “Ultrathin Cu-Ti bilayer trans-

parent conductors with enhanced figure-of-merit and stability,” Applied

Physics Letters 96, 91106 (2010).

10. D. S. Ghosh, T. L. Chen, V. Pruneri: “High figure-of-merit ultrathin

metal transparent electrodes incorporating a conductive grid,” Applied

Physics Letters 96, 41109 (2010).

11. D. Krautz, S. Cheylan, D. S. Ghosh, V. Pruneri: “Nickel as an alter-

native semitransparent anode to indium tin oxide for polymer LED ap-

plications,” Nanotechnology 25, 275204 (2009) (highlighted in nanotech-

web.org).

12. D. S. Ghosh, L. Martinez, S. Giurgola, P. Vergani, V. Pruneri: “Widely

transparent electrodes based on ultrathin metals,” Optics Letters 34, 325

(2009).

13. L. Martinez, D. S. Ghosh, S. Giurgola, P. Vergani, V. Pruneri: “Stable

transparent Ni electrodes,” Optical Materials 31, 1115 (2009).



Invited Talks

1. N. Formica, D. S. Ghosh, T. L. Chen, V. Pruneri: “Highly stable ultra-

thin Ag-Ni films for flexible transparent electronics,” 221st Electrochem-

ical Society Meeting, Seattle (2012).

2. D. S. Ghosh, N. Formica, T. L. Chen, V. Pruneri: “Metallic nano-films

for display, lighting and photovoltaic devices,” Encontro de Fïsica 2011,

Foz do Iguaçu, Brazil (2011).

3. D. S. Ghosh, T. L. Chen, V. Pruneri: “Thermally stable ultrathin metal

transparent electrodes for solar cell applications,” Transparent Conduct-

ing Electrodes, Berne, Switzerland (2010).

4. D. S. Ghosh, L. Martinez, V. Pruneri: “Nickel electrodes transparent

from UV to IR applications,” Microtechnologies for the new Millennium,

Dresden, Germany (2009).

5. L. Martinez, D. S. Ghosh, V. Pruneri: “Ultrathin metal film: an emerg-

ing transparent electrode for the optoelectronics industry,” 4th Inter-

national Conference on Advanced Optoelectronics and Lasers (CAOL),

Alushta, Ukraine (2008)

Conference Publications

1. D. S. Ghosh, T. L. Chen, N. Formica, V. Pruneri: “Oxidized Ni capped

Al doped ZnO for organic optoelectronics ,” Nano Transparent Conduc-

tive Materials, MINATEC – Grenoble, France (2012).

2. T. L. Chen, D. S. Ghosh, V. Pruneri: “Graphene as an anti-permeation

and protective layer for indium-free transparent electrodes,” MRS Fall

Meeting, Boston, USA (2012).



3. D. S. Ghosh, N. Formica, T. L. Chen, V. Pruneri: “Flexible ultrathin al-

loy layer as transparent electrode for indium-free organic photovoltaics,”

International Symbosium on Flexible Organic Electronics, Thessaloniki,

Greece (2012).

4. N. Formica, D. S. Ghosh, T. L. Chen, V. Pruneri: “Ultrathin Ag-Ni

transparent conductor for flexible optoelectronics,” Transparent Conduc-

tive Materials, Crete, Greece (2012).

5. T. L. Chen, D. S. Ghosh, N. Formica, V. Pruneri: “Al:ZnO capped Ag

nano-thick layer for high figure of merit and flexible indium free transpar-

ent electrode,” International conference on frontiers of advanced materials

and engineering technology, XiaMen, China (2012).

6. D. S. Ghosh, T. L. Chen, D. Krautz, S. Cheylan, V. Pruneri: “Envi-

ronmentally stable Al-doped ZnO transparent electrode for organic op-

toelectronic devices ,” Renewable Energy and Environment, Texas, USA

(2011).

7. R. Betancur, D. S. Ghosh, X. Elais, M. Maymo, T. L. Chen, V. Pruneri,

J. Martorell: “Fabrication of P3HT/PCBM solar cells using an 8 nm thick

semi- transparent metal electrode as an replacement of ITO ,” E-MRS

Spring Meeting, Nice, France (2011).

8. N. Formica, D. S. Ghosh, T. L. Chen, V. Pruneri: “Cu-Ni bilayer

Ultrathin Metal Film for conductive transparent electrodes,” OPTOEL,

Santander, Spain (2011).

9. D. S. Ghosh, T. L. Chen, D. Krautz, S. Cheylan, V. Pruneri: “Ultra-

thin metals for indium free organic lighting and photovoltaics ,” Photonics

2010, Guwahati, India (2010).



10. D. Krautz, D. S. Ghosh, T. L. Chen, V. Pruneri, S. Cheylan: “ITO-free

organic light-emitting devices using ultra-thin metal films as electrodes,”

Nanoscale Devices for Environmental and Energy Applications, San Se-

bastián, Spain (2010).

11. D. S. Ghosh, T. L. Chen, V. Pruneri,: “Ultrathin metal transparent

conductors for energy efficiency,” Nanophotonics for Energy Efficiency

Plenary Meeting, Grenoble, France (2010).

12. D. S. Ghosh, L. Martinez, V. Pruneri,: “Ultra-thin metal electrodes for

optoelectronics and photovoltaic,” EU Concertation meeting in Nanopho-

tonics, Florence, Italy (2009).

13. D. S. Ghosh, D. Krautz, S. Cheylan, V. Pruneri,: “Ultrathin metal

transparent electrodes for lighting and photovoltaic applications,” Optics

and Photonics for Advanced Energy Technology, Cambridge, USA (2009).

14. D. S. Ghosh, L. Martinez, V. Pruneri,: “Transparent Metal electrodes,”

CLEO EUROPE - EQEC, Munich, Germany (2009).





Contents

1 Introduction 13

1.1 Transparent electrodes . . . . . . . . . . . . . . . . . . . . . . . 13

1.2 Applications and market . . . . . . . . . . . . . . . . . . . . . . 14

1.3 State-of-the-art and its drawbacks . . . . . . . . . . . . . . . . . 16

1.4 Materials for ITO replacement . . . . . . . . . . . . . . . . . . . 17

1.5 Aim of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.6 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2 Basics of ultrathin metal films and their use as transparent

electrode 25

2.1 Definition of ultrathin metal films . . . . . . . . . . . . . . . . . 25

2.2 Deposition methods and equipment . . . . . . . . . . . . . . . . 26

2.3 Growth mechanism . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4 Surface analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.5 Flexibility analysis . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.6 Electrical analysis . . . . . . . . . . . . . . . . . . . . . . . . . 36



2 Contents

2.6.1 Electrical conductivity mechanisms . . . . . . . . . . . . 36

2.6.2 Sheet resistance measurent . . . . . . . . . . . . . . . . . 40

2.7 Optical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.8 Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.9 Use in OLED device . . . . . . . . . . . . . . . . . . . . . . . . 52

2.10 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3 Ultrathin metal film transparent electrode incorporating a

conductive grid 55

3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.2 Design of the grid . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.3 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.4 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . 64

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4 Copper bilayer transparent electrodes 67

4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.2 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.3 Experimental results and analysis . . . . . . . . . . . . . . . . . 69

4.4 Performance in OLED and OPV devices . . . . . . . . . . . . . 76

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78



Contents 3

5 Ultrathin alloy films as transparent electrodes 79

5.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.2 Optical spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.3 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.4 Optical, electrical and mechanical performance . . . . . . . . . . 84

5.5 Performance in an OPV device . . . . . . . . . . . . . . . . . . 87

5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6 Ag/Al:ZnO nano-thick bilayer transparent electrodes 89

6.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.2 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.3 Experimental results and analysis . . . . . . . . . . . . . . . . . 91

6.4 Performance in an OPV device . . . . . . . . . . . . . . . . . . 98

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

7 Ultrathin metal capped Al-doped ZnO as transparent elec-

trode 101

7.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

7.2 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

7.3 Experimental results and stability analysis . . . . . . . . . . . . 103

7.4 Performance in OLED and OPV devices . . . . . . . . . . . . . 112

7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

8 Summary and future outlook 115





List of Tables

2.1 Molar mass and density of nickel and its main oxide compounds
Ni (II) and Ni (III). Last column gives the ratio between the
compound number of moles over that of Ni. . . . . . . . . . . . 51

2.2 Performance data of the devices with ITO and Ni electrodes.
VTH corresponds to the voltage at which 1 cd m−2 is obtained
and VmaxLce corresponds to the voltage at which the maximum
luminance is obtained. . . . . . . . . . . . . . . . . . . . . . . . 53

3.1 Comparison of experimental results with calculated theoretical
values for different G/W ratios. Ni was used for both UTMF
and grid material. . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.1 Performance data of the OLED devices with ITO and Cu based
electrodes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.2 List of electrical characterization data for the OPV device com-
paring ITO and Cu based devices. . . . . . . . . . . . . . . . . . 77

5.1 List of electrical characterization data for the OPV devices in-
corporating alloy and ITO electrodes. . . . . . . . . . . . . . . . 87



6 List of Tables

6.1 List of electrical characterization data for the OPV devices com-
paring developed bilayer electrode with ITO. . . . . . . . . . . . 99

7.1 Performance data of the OLED devices with ITO and AZO
based electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7.2 Performance data of the OPV devices with ITO and AZO based
electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113



List of Figures

1.1 Illustration of the role played by TE in a photovoltaic cell. . . . 14

1.2 Market value prediction of TEs for different applications (Source:
www.nanomarkets.com). . . . . . . . . . . . . . . . . . . . . . . 15

1.3 Price distribution per m2 for ITO film via sputtering (Source:
Von Ardenne). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1 Spatial distribution of particles inside the high vacuum sputter-
ing chamber. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 Picture of the ATC Orion 3 HV (top) and the ATC Orion 8 HV
(bottom) installed in the Nanophotonics lab, ICFO. . . . . . . . 29

2.3 Bauer’s thermodynamic criterion for the growth mode. . . . . . 31

2.4 AFM images of Ni 5 nm (a, c) and Cr 5 nm (b, d) films on
UV fused silica substrate. The RMS roughness of the films was
determined to be 0.235 nm and 0.245 nm for Ni and Cr films
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.5 Set-up showing the bending apparatus. . . . . . . . . . . . . . . 35

2.6 Diffuse scattering of electrons by a film surface leading to thick-
ness dependent mean free path lf . . . . . . . . . . . . . . . . . . 37



8 List of Figures

2.7 Experimental data for Ni layers fitted with F-S model. . . . . . 39

2.8 Schematic of the Four Point probe set-up used for the RS mea-
surement (left) and the actual set-up in ICFO (right). . . . . . . 41

2.9 Comparison of optical constants of bulk and 10 nm nickel film.
The measurements on UTMFs are carried out using Sopra GES
5E Ellipsometer while bulk values are taken from Reference [61].
UTMFs have lower refractive index and extinction coefficient
compared to their bulk counterparts. . . . . . . . . . . . . . . . 43

2.10 Average optical transparency across the visible wavelengths against
electrical resistivity for Cr and Ni films compared to ITO an-
nealed and not annealed. . . . . . . . . . . . . . . . . . . . . . . 44

2.11 Optical transmission of UTMFs compared to ITO annealed and
as deposited in the UV region: a) Nickel and b) Chromium. . . 45

2.12 Optical transmission of UTMFs compared to ITO annealed and
as deposited in the mid-IR region: a) Nickel and b) Chromium. 46

2.13 Electrical resistivity variation after cumulative annealing treat-
ment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.14 Optical transparency of the films in the 400-2500 nm range
(dashed lines represent as deposited samples while solid lines
are obtained after step H5). . . . . . . . . . . . . . . . . . . . . 49

2.15 Effect of oxidation on the thickness of nickel based UTMFs. . . 49

2.16 Electrical resistivity variation of passivated 10 nm nickel film
with temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.1 (a) A drawing of the proposed grid pattern and (b) the cross-
sectional view. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56



List of Figures 9

3.2 A portion of the G-UTMF. . . . . . . . . . . . . . . . . . . . . . 58

3.3 Microscopic (left) and macroscopic (right) view of a G-UTMF. . 59

3.4 RS of G-UTMF as a function of linewidth for different grid
spacing with fixed tB=500 nm . . . . . . . . . . . . . . . . . . . 60

3.5 (a) Variation of RS (a) and transparency (b) of the G-UTMF
with filling factor. The verticle dotted line in the figures corre-
spond to the calculated optimum filling factor. . . . . . . . . . . 61

3.6 Steps involved for the fabrication steps for G-UTMF. . . . . . . 63

3.7 Comparison of optical transparency for UTMF (2 nm Ni), G-
UTMF (2 nm Ni+100 nm Cu grid), and 100 nm ITO. The
corresponding RS are also indicated. Note that the substrate
contribution is taken into account as mentioned in Section 2.7 . 65

4.1 Average visible optical transparency as a function of RS for
different sample sets, Cu(d), Cu (d)+Ni1, Cu (d)+Ti1, and
Cu(d)+Ti5_TR. The value of Cu thickness (d) identifies each
point in the curve. The corresponding values of SWCNT and
graphene are also shown. . . . . . . . . . . . . . . . . . . . . . . 69

4.2 ΦTE for different sample sets, Cu(δ), Cu (δ)+Ni1, Cu (δ)+Ti1,
and Cu(δ)+Ti5_TR. The total thickness (δtot) is the sum of
deposited Cu and Ni/Ti thicknesses, (b) Determination of per-
colation threshold. The value of Cu thickness (δ) identifies each
point in the curve . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.3 AFM images of Cu(6.5), Cu(6.5)+Ni(1) and Cu(6.5)+Ti(5)_TR
respectively from top to bottom. The RMS roughness of the
films is determined to be 0.7 nm, 0.9 nm and 0.82 nm for
Cu(6.5), Cu(6.5)+Ni(1) and Cu(6.5)+Ti(5)_TR respectively. . . 73



10 List of Figures

4.4 (a) Average visible reflection from the experimental and calcu-
lated data for Cu (6.5) and Cu(6.5)+Ti(5)_TR samples, (b) ex-
perimental and calculated transparency for Cu (6.5) and Cu(6.5)+Ti(5)_TR
samples respectively. . . . . . . . . . . . . . . . . . . . . . . . . 75

4.5 Polar graph for the stability of the proposed Cu based TEs. The
horizontal axis (θ=0) corresponds to ideal stability. . . . . . . . 76

5.1 Optical transmission in the visible spectrum for different (a)
alloy films with 50%-50% composition for the two constituent
metals, (b) percentage composition of Ag-Cu alloy films. . . . . 81

5.2 Experimental comparison of optical spectra between Ag/Cu (50%-
50%) alloy and single component Ag and Cu metal films. The
graph also shows the theoretical optical prediction for the alloy
film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.3 AFM images of Cu-Ag alloy (a, c) and Ni capped alloy film (b,
d). The RMS roughness of the alloy film is 0.523 nm which is
similar to single component Cu and Ag films, while the RMS
roughness increases to 0.9 nm after coating with 1 nm Ni cap-
ping layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.4 EDX analysis of the Ni 1 nm capped alloy films. . . . . . . . . . 85

5.5 RS change during bending as a function of number of bending
cycles for Cu-Ag alloy and ITO. . . . . . . . . . . . . . . . . . . 86

6.1 Transparency spectra of Ag(11)/AZO(d) bilayer structure with
different thicknesses (d) of AZO capping layer. . . . . . . . . . . 90

6.2 Visible optical transparency as a function ofRS for Ag(d)/AZO(30)
and Ag(11). The data for ITO, Ag nanowires, SWCNT and
graphene are also shown for a comparison. . . . . . . . . . . . . 92



List of Figures 11

6.3 Transparency spectra for ITO, Ag (11)/AZO(30) and Ag(11) in
the visible light region. . . . . . . . . . . . . . . . . . . . . . . . 92

6.4 ΦTE for Ag(d)/AZO(30). Φ1 to Φ4 identify the ΦTE values for
ITO, Ag nanowires, SWCNT, and graphene, respectively. . . . . 93

6.5 Opto-electrical improvement of Ag(δ)/AZO(30) samples after
furnace annealing at an elevated temperature of 500 ºC for a
dwelling time of 60 min. Inset graph shows the RS evolution
with furnace annealing for Ag(11)/AZO(30). . . . . . . . . . . . 94

6.6 AFM images of Ag(11)/AZO(30) samples on glass (top) and
PET (bottom). . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.7 RS evolution with the standard DH test for Ag(11)/AZO(30). . 97

6.8 SEM images of the ITO and Ag(11)/AZO(30) films before and
after bending. (a) ITO, before bending; (b) ITO, after 20
bending cycles; (c) Ag(11)/AZO(30), before bending; and (d)
Ag(11)/AZO(30), after 104 bending cycles. . . . . . . . . . . . . 98

7.1 RSt
3 versus t for the determination of percolation threshold. . . 103

7.2 Average optical transparency for Ni films with varied thickness. 105

7.3 (a) Theoretical calculation of the three layer AZO/Ni/NiO stacks
on fused silica substrates alongside with the experimental data
of pure AZO, AZO/Ni(2.5), and AZO/Ni(2.5) _TR, (b) XPS
spectrum of the structure AZO/Ni(2.5)_TR showing the pres-
ence of metallic Ni. . . . . . . . . . . . . . . . . . . . . . . . . . 106

7.4 Correlation of properties of AZOL and AZOL/NiP films with
DH test time (a) electrical (b) average optical transmittance . . 107



12 List of Figures

7.5 (a) Typical optical micro image for AZOL and AZOL/NiP sam-
ples before DH test and (b) for AZOL after a 30 day DH test,
(c) and (d) are the AFM images (scanning area of 10 µm × 10
µm) for AZOL/NiP and AZOL after the DH test respectively. . 108

7.6 (a) Polar figure for the thermal stability of the samples, the
horizontal axis (θ=0) corresponds to ideal stability and (b) RS

changes with DH test time (red column: 24 h and green column:
one week) for different samples. . . . . . . . . . . . . . . . . . . 110

7.7 XRD profile for AZO grown on glass showing highly crystalline
structure, inset is the scan for the AZO (002) peak. . . . . . . 111



Chapter 1

Introduction

1.1 Transparent electrodes

One of the most crucial requirements of optoelectronics and photonics industry
is the realization of inexpensive and efficient transparent electrodes (TEs), i.e.,
films that permit one to bring electrical currents or potentials in the proximity
of optically active regions without significant loss of optical energy. For exam-
ple, in case of photovoltaic (PV) cells, these components work as electrodes to
extract separated charge carriers from the absorbing material, while in the case
of organic light emitting diodes (OLEDs), they inject charge carriers without
affecting the light out-coupling efficiency. TEs pervade modern technologies,
providing a critical component of optical displays, solar cells, lasers, optical
communication devices, and solid-state lighting [1, 2, 3].

In a material, the electrical conductivity is generally described through the
imaginary part of the refractive index or the extinction coefficient [4]. In
this regard, materials like metals that are highly conductive will not normally
transmit visible light, while highly transparent media like oxide glasses behave
as insulators. The challenge is to decouple these two properties in such a way
that one can tune the electrical property of a material without affecting its
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optical properties and vice versa. To achieve this, until now, the majority of the
effort has been in developing dielectric transparent media into conductive ones
without significantly altering their transparency, such is the case of transparent
conductive oxides (TCOs) [5, 6, 7]. Less effort has been made to increase the
optical transparency of an electrically conductive material, which is the main
focus of this thesis.

Figure 1.1: Illustration of the role played by TE in a photovoltaic cell.

Besides optical transparency and electrical conductivity, other TEs properties
are crucial to ensure device performance, with specifications depending on
type of device. For example, while surface roughness and work function are
insignificant for resistive touch screens, they are crucial for OLEDs and organic
photovoltaic cells (OPVs) [8, 9]. Moreover, the optical haze of particular TEs
is beneficial for high-efficiency solar cells but problematic for certain types of
displays [10]. The mechanical properties of the electrode can also be essential,
e.g. for flexible devices. Harsh environment stability and impermeability to
gas and water will be key properties investigated through this thesis.

1.2 Applications and market

Over the last decade there has been a constant increase in devices which re-
quire one or more transparent conducting layers and that trend is expected
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Figure 1.2: Market value prediction of TEs for different applications (Source:
www.nanomarkets.com).

to continue for the foreseeable future. Their ability to reflect thermal infrared
(IR) heat is exploited to make energy conserving windows. Oven windows
employ TEs to conserve energy and to maintain an outside temperature that
makes them safe to touch. Automatically dimming rear view mirrors for au-
tomobiles and electrically controlled smart windows incorporate a pair of TEs
with an electrochromic material between them. TEs can also be formed into
transparent electromagnetic shields, invisible security circuits on windows, and
transparent radio antennas built into automobile windows. The electrical con-
ductivity of TEs is exploited in front surface electrodes for solar cells and flat
panel displays which includes liquid crystal display (LCD), plasma and OLED
based displays, larger and high resolution flat screens for portable computers.
In fact, LCD is by far the largest user of TEs but many other devices are show-
ing rapid growth such as touch screens, E-paper and flexible displays. Figure
1.2 shows the growth of TEs market in various applications. In particular, the
total market value is expected to double over the next four years. With the
advancement in thin film solar cell technology (roll to roll processing), it is
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anticipated that photovoltaic industry together with displays would be one of
the largest consumer of TEs in the near future.

1.3 State-of-the-art and its drawbacks

The state-of-the-art solution rely on large band gap semiconductors doped
with metal, which are also known as TCOs. Among TCOs, the mostl widely
material used today is tin doped indium oxide (ITO). It has single-handedly
dominated the field for almost four decades [11]. ITO has been the subject of
research and has been refined for over 50 years and as a result, the material
offers many beneficial properties that have made it the material of choice. The
ability to deposit it with precisely controlled thicknesses and controlled doping
concentration has significantly contributed to its widespread application [12].
A typical ITO film (100 nm) film has sheet resistance (RS) of about 15-20
W/� and average visible transparency > 85%, a trade off that meets most of
the application-specific device requirements.

Figure 1.3: Price distribution per m2 for ITO film via sputtering (Source: Von
Ardenne).

However, ITO has certain drawbacks, mainly centered on its scarcity of supply.
It is widely believed that a shortage of indium may occur in the near future
because of the limited nature of world indium reserves. The price of indium
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has recently increased by approximately one order of magnitude [13, 14]. As
a result, a stable supply of ITO may be difficult to achieve considering the
expansion of the TEs market. Figure 1.3 shows the typical distribution of cost
per m2 for the fabrication of ITO film. As can be seen, a major chunk of the
cost (>40%) is the sputtering target. Apart from the supply and cost factor,
the next generation of optoelectronic devices requires TEs to be flexible and
compatible with large scale manufacturing methods (roll to roll processing).
ITO, being an oxide, is brittle and therefore cracks when bended which leads to
loss of its electrical properties [15]. Another drawback of ITO is the fact that
deposition of ITO films is far from being a straightforward process, since their
electrical and optical properties depend on dopant concentration, defects, and
vacancies and usually require high temperature post-deposition treatment, the
latter often being not compatible with the other processes used to make the
device. ITO can also lead to device degradation owing to indium and/or oxygen
migration from it into active organic layers [16]. Moreover, the ITO work
function strongly depends on the cleaning procedure which is very crucial for
certain applications [17]. Last but not least, several optoelectronic devices such
as ultraviolet (UV) photodiodes, UV LEDs, solar cells for space applications,
or IR pyroelectric detectors require electrodes with high transparency in the
UV and/or IR regions. The typical band gap energy, Eg=3.75 eV (331 nm),
and plasma resonances in the near IR [18] make ITO impractical as TEs in
the UV and IR respectively, even when the free-electron density is changed
significantly [19].

1.4 Materials for ITO replacement

Alternative TCOs

There is a great diversity of alternative TCOs to replace ITO. These include
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aluminum doped zinc oxide (AZO), fluorine doped tin oxide (FTO), magne-
sium doped zinc oxide (MZO), antimony doped tin oxide (ATO), gallium doped
zinc oxide (GZO), Ta or Nb doped titanium oxide (TTO, NTO), aluminum
doped MZO (AMZO) and gallium doped MZO (GMZO). Among these, AZO
and FTO are considered the most viable alternatives to replace ITO [20, 21].
AZO is inexpensive, relatively abundant, easy to prepare, and non-toxic. AZO,
fabricated by sputtering, has already established itself and has over 90% of the
market for the top electrode of CIGS solar cells [22]. One of the major con-
cerns for AZO is the electrical stability of the film in humid environments,
especially for films thinner than 100 nm (explained in detail in Chapter 7).
FTO is well suited for chemical vapor deposition (CVD) at high temperatures,
thus allowing its deposition during the drawing of the glass substrate. How-
ever FTO does not allow an easy, accurate etch, limiting its applications [23].
In general, all other TCOs possess significantly higher electrical resistivity (ρ)
compared to ITO and more importantly still suffer from the problem of not
being mechanically flexible.

Metallic nanowire networks

Random networks of metallic nanowires (NWs) have recently been put for-
ward to replace ITO. Metal nanowires carry the advantages of low RS, high
transparency and mechanical flexibility. The solution process is also a low
cost manufacturing technique which is compatible with roll-to-roll techniques
[24, 25]. Silver NWs can achieve RS values of 13 W/� and transparency of 85%
[26]. More recently, Cu NWs were also synthesized to overcome the Ag price.
Latest results of Cu NWs based TE show RS of 20 W/� and 60% transparency
[27]. The relatively large diameter of NWs (50–200 nm) causes significant sur-
face roughness in the films, which is not desirable for applications with thin
active layers. Additionally, the size and spacing of the NWs in the mesh lead
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to significant light scattering, a phenomenon known as haze, which is undesir-
able in many display applications [8]. The long term electrical stability of such
films is a concern, as silver can corrode through reactions such as oxidation
or sulfidation, which will increase the electrical resistivity of the films, espe-
cially due to the formation of poor contacts between NWs. Electromigration
of metallic ions in response to an applied current can also pose a potential
problem in devices in which a high current carrying capacity is required [28].

Carbon nanotubes (CNTs)

CNTs are microscopic long, thin cylinders of carbon. They were first discov-
ered in 1990s, and have remarkable physical and electrical properties. One
of the critical requirements for CNT films is that the density of nanotubes
must be above the threshold for the formation of percolation networks. Al-
though the conductivity of individual nanotubes is high, the high resistance
at the nanotube-nanotube junction limits the conductivity of the films [29].
In general, CNT films are comparably inexpensive and can be fabricated over
large areas in various thicknesses and patterns. They are highly flexible and
therefore are very well suited for flexible electronics. However, despite their
properties, CNTs have been slow to find a commercial use. One of the ma-
jor impediments towards implementing CNTs is the inability to obtain bulk
quantities of material with suitable purity. In addition, their performance is
still behind that of ITO films. For example, the best trade-off between RS and
transparency, reported so far, has been 30 W/� and 70%, still far from the
requirements of most applications.

Graphene

Graphene is a two-dimensional allotrope of carbon and is an emerging material
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of interest, both for its fundamental understanding and applications. It is a
single sheet of sp2 bonded carbon atoms having bandgap of 0 eV and thickness
0.34 nm. Graphene is one of the most transparent materials which absorbs
only 2.3% of the incoming light over the whole spectrum and has a theoretical
RS value of about 30 W/�. The typical experimental RS of undoped synthe-
sized graphene is between 2 kW/� and 5 kW/�, roughly 100 times larger than
the theoretical minimum [30]. Combining four layers of graphene leads to an
experiemntal RS value of ∼350 W/� maintaining 90% transparency [31]. Var-
ious doping methods have been suggested to make graphene more conductive.
Although the TEs performance of the doped graphene is much better than
undoped graphene, its stability is an issue, especially in air and under thermal
loading [32]. Graphene is usually grown on a substrate different from the fi-
nal substrate for device fabrication. The current graphene transfer procedures
rely on polymer coating to maintain the graphene film integrity and to prevent
folding, while the underlying Cu foil is chemically etched. Unfortunately, these
process require several wet chemical steps that contaminates and mechanically
damage the graphene resulting in higher RS [33].

Conducting polymers

Conductive polymers are those that are doped to create semiconducting ma-
terials. They are the essential materials platform for both thin film transistors
and organic LEDs. Among them, poly (3,4-ethylenedioxythiophe) (PEDOT)
is the most commonly used. It has a high electrical conductivity, up to 600
S cm−1, and electrochemical stability while still maintaining moderate trans-
parency and good film-forming properties [34]. It is often doped with aqueous
polystyrensulfonic acid (PSS), which makes it water soluble and thus the pro-
cessing becomes easier. The films are non-brittle and being in solution state
makes them highly versatile. The best PEDOT-PSS film can achieve RS values
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of 150 W/� with 80% transparency. However, the main problem of conducting
polymers is the instability of the doped state, which can rapidly decrease the
electrical conductivity when exposed to various stresses (thermal, chemical,
UV light, etc.) [35].

1.5 Aim of the thesis

The main objective of this thesis has been to develop new geometries of ultra-
thin metal film (UTMF) based TEs to replace costly and problematic ITO.

Metal films, when sufficiently thin (<10 nm), become transparent to light, yet
still maintain good electrical conductivity. Single or multilayer UTMFs can
overcome the high cost of raw materials such as indium and can be grown
using single a process technique, i.e., sputtering, thus becoming a straight for-
ward solution, that can to be integrated into typical industrial processes. The
cost of depositing UTMFs based on abundantly available inexpensive metals
can be 60% less than that of typical ITO films (Fig. 1.3). Contrary to TCOs,
UTMF based TEs possess high compatibility with nearly all organic and semi-
conductor materials (e.g., active medium) and related fabrication steps.

Another objective of the thesis has been to integrate the developed UTMF
based TEs into energy efficient photonic devices. Different UTMF based ge-
ometries, compositions, and combinations has been investigated for potential
applications in OLEDs, PV cells – organic and inorganic - and displays.

In addition, the possibility of combining the developed UTMF technology with
other ITO replacing contenders like AZO was also explored to achieve improved
hybrid TEs.

Through collaborative research, OPV cells and OLEDs which show electro-
optical performance (efficiency) comparable with devices based on ITO elec-
trode has been also achieved.
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1.6 Thesis outline

This thesis is organized in seven chapters. Chapter 2 provides an introduction
of UTMFs, their deposition and characterization techniques. In particular
the optical transmission of UTMFs from UV to mid-IR region (175 nm - 25
µm) is investigated and a method to make the films environmentally stable
is proposed. Such a method consists of carrying out appropriate temperature
cycles in the presence of oxygen to produce a protective oxide layer on top of
the metallic film which prevents further oxidation of the combined structure.

We have proposed a novel metallic grid based structure and reported exper-
imental results which confirm that it is possible to reduce the RS of UTMF
based TEs of more than two orders of magnitude without significantly affecting
their transparency, as described in Chapter 3. The chapter also discusses the
grid design for the optimum trade-off between optical and electrical properties.

Copper which is widely used in microelectronics has excellent electrical and
optical properties. However it is very unstable and tends to form oxide in the
presence of oxygen. Chapter 4 describes the development of bilayer TE struc-
ture consisting of an ultrathin and continuous Cu film covered by a protective
ultrathin Ti or Ni film. The capping layer is chosen according to the func-
tional requirements of specific devices. The performance of these Cu based
TEs has been investigated in devices like OLEDs and OPVs, achieving similar
efficiencies to those of ITO.

The visible optical spectrum of UTMFs within the visible range is non-uniform
due to the presence of a characteristic plasma frequency and intraband elec-
tronic transitions. In Chapter 5, a detailed theoretical and experimental inves-
tigation on utilizing alloy films as TEs has been described, which can offer a
flatter wavelength response with respect to single component UTMFs. Efficient
OPV cells employing ultrathin alloy electrodes were also demonstrated.
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In Chapter 6, a bilayer structure of metal/oxide (Al:ZnO capped Ag nano-thick
film) has been described which can overcome the high reflection of metals yet
retain their good electrical behavior, while still keeping the minimum total
film-thickness. Electrical and optical properties as well as the environmental
stability of the bilayer structure were theoretically and experimentally studied.
In particular, the use of UTMFs to improve the stability of Al-doped ZnO
(AZO), which is known to become a problem at small thicknesses, is proposed
which is described in Chapter 7. In the same chapter, the proposed TEs were
shown to be used efficiently in OLEDs and OPVs.

And, finally, in Chapter 8, I conclude with some of our ongoing effort in the
field and future outlook.





Chapter 2

Basics of ultrathin metal films

and their use as transparent

electrode

2.1 Definition of ultrathin metal films

The beginning of “Thin Film Science” can possibly be traced back to the
observation of Grove [36] in 1852 who noted that metal films are formed by
sputtering of cathodes with high energy positive ions. Since then it has come
a long way and today it has become a fully fledged academic discipline which
has led to many industrial and household products. There is a phenomenal
rise in thin metal films research, like their counterpart dielectric films, due
to their extensive applications in electronics, optics, aviation, space science
defence and several other industries [37, 38]. These investigations have led to
numerous inventions in the form of active devices and passive components such
as piezo-electric devices, sensor elements, storage of solar energy and its con-
version to other forms, reflecting and anti-reflecting coatings and many others.
Furthermore, due to compactness, better performance and reliability coupled
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with low cost production, thin film devices and components are preferred over
their bulk counterparts [39, 40].

Metal film properties are sensitive not only to their structures but also to
many other parameters, including the process by which they are made, depo-
sition conditions, substrates onto which they are deposited and most crucially
on their thickness [41, 42, 43]. Basic research on thin metal films is gener-
ally limited to certain ranges of thickness, typically between a few Angstorms
to about 10,000 Å depending on the properties under investigation. Math-
ematically, thin films are defined as a homogeneous solid material contained
between two parallel planes and extended infinitely in two directions (x, y) but
restricted along the third direction (z), which is perpendicular to the x − y

plane. The dimension along the z-direction is known as the film thickness.
Within the definition of thin films they can be classified according to their
thickness as (i) ultrathin, (ii) thin, and (iii) comparatively thicker ones, the
last one generally greater than 1000 Å. The first category has thickness in the
range of few Å to 100 Å while the second category falls in the regime of 100 Å
to 1000 Å. UTMFs (≤ 10 nm) find their applications in areas such as magnetic
sensors, recording materials, electro-optic and novel devices such as spin filters,
transistors, solar cells, and organic LEDs. In this thesis work as mentioned in
Chapter 1, the UTMFs were explored and succesfully used as TEs which can
seriously compete with widely used indium based ITO.

2.2 Deposition methods and equipment

The existing techniques for thin film deposition are essentially based on Phys-
ical Vapor Deposition (PVD) processes: among those, the most popular ones
are sputtering and thermal evaporation, but also pulsed laser ablation is gain-
ing importance. Whichever the technique used, due to the importance of impu-
rities and contaminants, deposition of thin films using PVD relies on ultra-high
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vacuum systems, i.e. base vacuum levels of < 10−7 Torr [44, 45]. Moreover,
the nature of the deposited films is governed by a great variety of parameters
that characterize the deposition process, such as deposition rate, pressure and
composition of deposition atmosphere, cleanliness level of the vacuum cham-
ber, substrate temperature, substrate materials, target-substrate distance, and
substrate angle [43, 44, 45]. The presence of defects, dislocations, grain bound-
aries and surface roughness may be determinant for the film properties. In
order to reach film thicknesses below 100 Å (10 nm), one must often push
process parameters (such as vacuum base-level, gas pressure, power, time of
exposure) to the extreme limits allowed by the deposition system themselves.
This may lead to problems of film quality (for example in terms of uniformity)
and repeatability. These drawbacks are critical, and have to be taken into
account when dealing with industrial manufacturing.

Figure 2.1: Spatial distribution of particles inside the high vacuum sputtering
chamber.

Among the variety of PVD processes, deposition by sputtering holds a unique
position. Well known advantages over evaporation processes include wide-area
uniform coverage, ability to coat temperature-sensitive substrate materials,
and the virtually limitless variety of materials that can be deposited [46]. In-
cluded in the latter category are metals, compounds, alloys, and mixtures.
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Oxide, nitride, and fluoride compounds can be reactively sputtered starting
from metal targets. Many variants of sputtering exist today, with DC sput-
tering the most appropriate for metals while RF sputtering for dielectrics and
special compositions.

The basic process of sputtering involves a process gas (in our case argon,
Ar) which is introduced inside the high vacuum chamber. An electric field is
applied between the target and the substrate which leads to the creation of
plasma with the positive Ar+ ions accelerated towards the cathode (target)
located on the bottom of the chamber. Particles are detached from the target
due to the momentum transfer of Ar+ ions when colliding with the target
material, contained within a plasma plume similar to a flash light or a cone
resulting in deposition of film on the substrate situated just above the cathode.
Free electrons generated during the process are confined close to the target
material using a magnetic field created by a magnet ring located just behind
the cathode (target). It is then less probable that these ions recombine with
free electrons in their way to the target, leading to an increased sputtering
rate.

In ICFO, we have two different kinds of sputtering system for deposition of
UTMFs: ATC Orion 3 HV and, a more recent, advanced ATC Orion 8 HV.
Both of them are magnetron sputtering systems having different configurations
and are manufactured by AJA International Incorporation [47]. Orion 3 HV
is a single target, low throughput R&D engine, allowing both DC and RF
magnetron sputtering in pure Ar atmosphere. Its set-up is planar, with a
fixed target (and magnetic field) and a pendulum oscillating platform for the
substrate. No degas chamber is available and depositions can only be made at
room temperature. Orion 3 HV’s pumping system is composed of dry rotary
vane pump which allows to reach a base vacuum pressure level of 10−7 Torr
(4 hours stand-by) in the deposition chamber. Each target has a diameter
of 2 inches allowing good deposition uniformity (<2.5%) over a maximum
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Figure 2.2: Picture of the ATC Orion 3 HV (top) and the ATC Orion 8 HV
(bottom) installed in the Nanophotonics lab, ICFO.
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area of ∼ 4 inches. The ATC Orion 8 HV sputtering system instead is a
computer controlled fully automatic RF/DC deposition system with co-planar
configuration and can have 7 different target materials installed at the same
time. The target size diameter is 2 inch and the system reaches thickness
uniformity of 2.5% over 4 inch diameter substrates. It has an integrated load
lock system for sample transfer without breaking the vacuum of the main
chamber. The ATC Orion 8 HV has 2 radio frequency and 2 direct current
power sources which allows co-sputtering as well. The system also allows
deposition at higher temperature, up to 800 ºC and has an O2 reactive gas
line, apart from an Ar line (process gas). Substrates are placed on a rotating
sample holder that can spin around the axis of the chamber up to a maximum
rotation frequency of 40 revolutions/min. The main chamber is connected to
a turbo pump which can reach a base vacuum level of 5 x 10−8 Torr in just
3 hours of standby time while the load lock is pumped by a smaller rotary
pump. The system is also fitted with a quartz crystal thickness monitoring
unit by which the deposition rates can be deduced.

Several substrates can be used for UTMF deposition according to the different
experimental requirements. Electrical resistivity measurements were carried
out using non-conductive substrates while transparent substrates were used
for optical transmittance studies. On the contrary, experiments, such as thick-
ness measurements, do not have any special substrate requirement and silicon
substrates are thus used for this purpose while for analyzing the flexibility
of the UTMFs, polyethylene terephthalate (PET) of 0.125 µm thickness were
used. For device applications, such as OPVs and OLEDs, double side opti-
cally polished UV fused silica substrates were preferred. These substrates are
characterized by their very low surface roughness and are transparent in the
UV region of the spectrum. In order to get rid of any possible environmental
contaminant a standard cleaning technique prior to the deposition has been
employed for all the samples. An ultrasonic bath in acetone (10 min) followed
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by ethanol (10 min) was employed. The samples were then dried using a N2

flux. The cleaned substrates were subsequently cleaned again inside the main
sputtering chamber for 15 minutes by using either an Ar or O2 plasma.

2.3 Growth mechanism

Thin film growth consists of three distinctive steps: nucleation followed by
coalescence and finally thickness growth. During the early stages of thin film
formation a sufficient number of vapor atoms or molecules condense and estab-
lish a permanent residence on the substrate. Many such film birth events occur
in this so called nucleation stage. In the nucleation stage, a uniform distribu-
tion of small but highly mobile clusters or islands is observed. In this stage the
prior nuclei incorporate impinging atoms or molecules and subcritical clusters
and grow in size while the island density rapidly saturates. The next stage
involves merging of the islands by a coalescence phenomenon. Coalescence
decreases the island density resulting in local denuding of the substrate where
further nucleation can occur. Continued coalescence results in the development
of a connected network with unfilled channels in between. With further de-
position, the channels fill in and shrink leaving isolated voids behind. Finally,
even the voids fill in completely and the film is said to be continuous.

Figure 2.3: Bauer’s thermodynamic criterion for the growth mode.

Generally, during the nucleation stage depending on the interaction energies
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of the substrate atoms and the film atoms three growth modes are observed:
(i) Frank-Van der Merwe (layer) [48], (ii) Volmer-Weber (island) [49], and
(iii) Stranski-Krastanov (mixed) [50]. In 1958, Bauer gave a thermodynamic
criterion for the growth mode [51]. The criteria states that under equilibrium
conditions, the growth mode is determined by the following energy difference:

∆σ = σf + σi − σs (2.1)

where σs is the surface free energy of the substrate, σi is the free energy of the
interface, and σf the free energy of the film.

If ∆σ ≤ 0, the adsorbed atoms/molecules (adatoms) are more strongly bound
to the substrate than to each other and the extension of the smallest stable
nucleus occurs overwhelmingly in two dimensions, resulting in the formation
of planar sheets. Under this condition, complete wetting of the substrate is
favorable, and Frank–van der Merwe (layer-by-layer) growth should be ob-
served. The inequality has the opposite sign when the atoms (or molecules)
are more strongly bound to each other than to the substrate. In this case, one
usually obtains Volmer–Weber growth (island growth), i.e., no wetting of the
substrate. The free energy of the film may have a contribution such as the
strain energy, which is directly proportional to the film thickness. After this
energy is added to ∆σ, it is possible for ∆σ to be smaller than zero until a
certain thickness is reached and then larger than zero above this coverage. In
that case, Stranski–Krastanov growth (mixed) generally occurs.

In our case, it is desired to have the percolation thickness (thickness at which
the films becomes continuous) of metal films to be as low as possible. Generally,
in case of metal films the adatoms are more bound to each other compared
to their interaction with the substrates i.e. ∆σ ≥ 0 and therefore they grow
via Volmer–Weber (island) mode. To increase the interaction energy with the
substrates, as mentioned in Section 2.2, the substrates themselves are treated
in O2 or Ar gas plasma inside the sputtering chamber for 15 minutes.
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2.4 Surface analysis

Analyzing the surface morphology of UTMFs provides information on the
structural properties of films as well as insights on electrical and optical per-
formance. When passing from bulk to thin films, surface structures become
more important in determining UTMF’s properties. In particular, surface mor-
phology dramatically affects electrical conduction. Non-conductive films might
arise from sufficiently rough surfaces as a result of discontinuity. Accordingly,
it is extremely important when dealing with UTMFs that the deposited films
remain smooth when compared to the thickness of the layer. It is already in-
tuitive that the surface roughness of the substrates has to be smaller than the
thickness of the UTMF to be deposited if the latter is to be continuous [52].
As mentioned earlier, optically polished UV fused silica substrates for UTMF
deposition were used which are characterized by a very low surface roughness
(RMS roughness: < 2 Å).

Veeco Digital Instrument Dimension 3100 atomic force microscope (AFM) in-
strument has been used for surface roughness measurements at atomic scale.
The limited scan area (usually 10 µm × 10 µm) leads us to take a random
area as a representative measurement for the rest of the surface. Typical 3D
and profile images obtained with the AFM for Ni 5 nm and Cr 5 nm on UV
fused silica substrates are shown in Fig. 2.4. Although some fluctuations larger
than the thickness can be observed - suggesting that the films might have local
discontinuities – the layers were found to be globally continuous as was also
confirmed by electrical resistivity measurements. The raw images obtained
using AFM techniques were treated using the associated software Nanoscope
Analysis. The surface roughness is usually represented by RMS roughness
(RQ) which is given according to the following formula:
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Figure 2.4: AFM images of Ni 5 nm (a, c) and Cr 5 nm (b, d) films on UV fused
silica substrate. The RMS roughness of the films was determined to be 0.235
nm and 0.245 nm for Ni and Cr films respectively.
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RQ =

√√√√√√ 1
L

L̂

0

z2 (x) dx (2.2)

where ‘L’ is the evaluation length, ‘z’ is the height and ‘x’ is the distance along
measurement.

Figure 2.5: Set-up showing the bending apparatus.

2.5 Flexibility analysis

Analyzing the properties of UTMFs under stress provides information about
the degree of robustness of the films. With the technology now moving to-
ward flexible electronics with flexible OLEDs, OPV and displays, it is very
important for the TEs to maintain their properties when bent. Changes in
properties of TE would lead to a device with a shorter lifetime or to complete
failure. To study the flexibility properties of deposited UTMFs, a set-up as
shown in Fig. 2.5 was developed. The film to be analyzed is deposited onto
1 × 1 inch flexible substrate (generally polyethylene terephthalate(PET) or
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polyethylene naphthalate(PEN)) and is mounted onto the clips with two of
its ends fixed. The set-up is connected to a motor which in turn is controlled
by an electronic controller which moves the arm in the horizontal direction.
The cycling movement of the arm results in bending of the sample and the
displacement is controlled in such a way that it makes a minimum radius of
curvature of 4 mm and maximum of 12 mm on the flexible sample. The RS

value and transparency of the UTMFs is measured before and after a finite
number of bending cycles to assess their flexibility and mechanical robustness.

2.6 Electrical analysis

The characterization of electrical conduction of UTMFs is described in this
section. By definition, intrinsic properties such as electrical resistivity or con-
ductivity, should be constant and independent of size for a given bulk mate-
rial. However, this is not true for thin films. When the film thickness becomes
comparable with the characteristic length scale of a physical phenomenon, the
intrinsic properties are affected by so called size-effects [53, 54]. The electrical
conductivity is affected by the limitation of size as soon as film thickness be-
comes comparable to the electron mean free path in the medium. In the case
of UTMFs, its electrical resistivity is found to be much higher than that of
the corresponding bulk metal and it decreases with the increasing film thick-
ness, eventually attaining a value often approaching that of the bulk. Before
presenting the experimental results, a breif overview of the basic theory of
conduction of thin metal films in the presence of enhanced size-effect is pre-
sented. The theoretical modeling of thin film resistivity is necessary for correct
interpretation of experimental data.

2.6.1 Electrical conductivity mechanisms

Contrary to bulk metal, thin metallic films have one dimension, i.e. the thick-
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ness (t), which is much smaller than the other two dimensions in the plane
of the film and is comparable, if not smaller, to the electron mean free path
(MFP) in bulk (lb). In this regime, the electrical resistivity depends on the
thickness of the film. Thompson considered two conditions for the calculation
of thin film conductivity: (i) diffuse scattering of conduction electrons (where
scattering is independent of scattering angle) by the two film surfaces, and (ii)
scattering by lattice matrices where MFP of the film (lf ) will be the same as
that of the bulk lb [55]. This can be seen in Fig. 2.6.

Figure 2.6: Diffuse scattering of electrons by a film surface leading to thickness
dependent mean free path lf .

For some arbitrary starting point ‘z’ within the film, electrons will be scattered
in all directions. However, only in the region defined by Φ2−Φ1, the electrons
will be able to travel up to their MFP. While in other regions, the electrons will
strike the surface of the film. From these considerations, Thomson calculated
the following relations:

lf = 3
4t+ 1

2t log
(
lb
t

)
(2.3)

σf
σb

= lf
lb

= 3t
4lb

+ t

2lb
log

(
lb
t

)
(2.4)
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= 3k
4 + k

2 log
(1
k

)
(2.5)

where subscripts ‘f ’ and ‘b’ stand for film and bulk, respectively, and k = t/lb.
Thompson’s approach suffers from the fact that it neglects free paths which
start from the film surface.

Fuchs [56] and Sondheimer [57] (known as FS model) made a rigorous analysis
of the electrical conduction process in an ideal continuous metallic film bound
by two plane surfaces assuming the Boltzmann equation for the distribution
function and also considering the boundary scattering process. The relation
between two conductivities i.e. bulk (svb) and film (svf ) is then given by

σb
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k

(2.6)
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This equation can be further simplified for thin films, i.e. t < lb or k < 1 to

ρf
ρb

= 4
3

1
k {ln (1/k) + 0.4228} (2.7)

Sondheimer further assumed that if a fraction ‘p’ of electrons is specularly
scattered from the two surfaces and the rest are diffused with complete loss of
their velocity, then Eqn. 2.7 assumes the form

ρf
ρb

= 1 + 3
8k for k � 1 (2.8)

ρf
ρb

= 4
3k

1 + p

1− p for k � 1 (2.9)
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Figure 2.7: Experimental data for Ni layers fitted with F-S model.

Although these typical theoretical models are adequate to explain the electrical
behavior of thin metal films, they might not be very accurate in the case of
UTMFs. For this reason, several new approaches have been considered during
the last decades [58, 59]. However, the FS approximation still remains the
most accurate model to predict the electrical behavior of UTMFs as depicted
in Fig. 2.7.

Besides geometrical limitation that enhances surface scattering, there are other
sources of resistivity:

• Volume defects and impurities

• Lattice vibrations

• Strain and discontinuities, including grain boundaries

All these are “volume” sources of scattering. Therefore, they are not included
in FS expressions. As such, they should be the same for all films grown in the
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same conditions. Our UTMFs are polycrystalline in nature which are com-
posed by single crystal grains. The presence of grain boundaries may reduce
significantly the conductivity of metallic materials. Mayadas and Schatzkes
[59] were the first to provide a model that takes into account both the scat-
tering at external surfaces (size-effect) and scattering due to grain boundaries.
They showed how a reduction of the grain size can induce a significant increase
of resistivity. On the other hand, voids may also play a role in determining
the electrical behavior of UTMFs. For example, an island growth can result
in a discontinuous film. Even though characterized by very high resistivity,
discontinuous films may still be conductive. This is due to quantum mechani-
cal tunneling between individual islands or thermo-ionic emission of electrons
into the conduction band of the substrate [60]. UTMFs, which grow in a
Volmer–Weber or island mode, present many voids between the islands which
increase the resistivity by up to orders of magnitude compared to that of a
uniform film (Frank–van der Merwe or layer-by-layer growth).

2.6.2 Sheet resistance measurent

As mentioned in the previous Section 2.6.1, the UTMF’s electrical resistivity
depends on the thickness. It is very common to measure the electrical surface
properties of a film through the RS in W/� units:

ρt = RS.t (2.10)

where ρt is the thin film electrical resistivity and t is the thickness. The
RS can be measured directly using a Four-Point probe set-up connected to a
multimeter. The schematic of the set-up is shown in Fig. 2.8

To obtain the electrical resistivity of the UTMFs, the RS was measured us-
ing a Cascade Microtech 44/7S 2791 Four Point Probe and a Keithley 2001
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multimeter. The four tips installed in the Four Point Probe were brought into
contact with the layer. A test current has been injected through the outer tips
while the inner tips collected the voltage drop as shown in Fig. 2.8. Typically
6 measurements were taken, each at different position on the film and the mean
value of RS is calculated as:

RS = C1 × C2 ×R (2.11)

where R is the average electrical resistance obtained by the multimeter and the
two corrective coefficients C1 and C2 take into account the separation between
tips (s) in the Four Point Probe Head and substrate’s dimensions. In our case,
the separation between tips in the four point probe head is about 1 mm and
the diameter of the samples is 2.5 cm (1 inch). As UTMF thickness is always
much lower than the spacing between tips, the first corrective coefficient is
kept at a constant value (C1 = 1) while the second one (C2) is calculated to
be 4:4364 for 1 inch substrates. The electrical resistivity of the layers is finally
inferred using the definition of RS given by Eqn. 2.11.

Figure 2.8: Schematic of the Four Point probe set-up used for the RS measure-
ment (left) and the actual set-up in ICFO (right).
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2.7 Optical analysis

In order to be competitive TEs for different applications, UTMFs should keep
optical losses minimum in the visible region of the spectrum. In addition, there
are applications that benefit from a very broad transparency spectrum, such
as ultraviolet (UV) and infra-red (IR) detectors which work with wavelengths
outside the visible range. In general the response of a material to optical radia-
tion depends on its electronic band structure. In metals the optical properties
depend mainly on the contribution of the conduction band, i.e. of the free elec-
tron gas, and in some cases on intra band transitions. As long as the relaxation
time of free electrons is much shorter than the period of the electromagnetic
wave, the metal will exhibit a strong absorption and a high reflectivity. Indeed
the extinction coefficient k of metals has very high values at low frequencies
while it becomes negligible for frequencies beyond the plasma frequency, which
is generally in the UV or visible region.

Thin metal films, however, present reduced optical absorption and enhanced
transmission due to the reduction of thickness. Optical absorption becomes
negligible when the film thickness is less than the penetration depth at opti-
cal frequencies. This is usually achievable for thicknesses < 10 nm. Optical
properties of UTMFs are also affected by the size-effect, since the dielectric
function of metals depends mainly on the conductivity and the number of free
electrons. For example, a shift of the plasma frequency should be expected
when the resistivity starts to increase due to surface scatterings. Moreover,
intrinsic optical properties may further differ from those of the corresponding
bulk, due to the polycrystalline nature of films. Grains or macroscopic sur-
face roughness may induce the presence of voids and discontinuities inside the
volume of the metal film, giving rise to a non-uniform distribution of matter.

As it was mentioned earlier, several optoelectronic devices, such as ultraviolet
(UV) photodiodes, UV LEDs, solar cells for space applications, and infrared
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(IR) pyroelectric detectors, require electrodes with a high transparency in the
UV and/or IR regions. The most widely used TEs, in particular ITO, possess a
typical band gap energy of about, Eg =3.75 eV (331 nm) and plasma resonances
in the near IR which makes them impractical as TEs in the UV and IR.
In fact, the transparency of ITO can be increased in the near IR spectrum
by reducing the free-electron density which in turn increases its resistivity
[62]. Single component nickel and chromium UTMFs were deposited on UV
fused silica and silicon substrates to investigate their broad spectrum optical
response. Thicknesses were inferred from deposition rates determined by the
quartz crystal thickness monitoring unit. They were also compared to state-
of-art ITO in terms of both electrical and optical properties.

Figure 2.9: Comparison of optical constants of bulk and 10 nm nickel film. The
measurements on UTMFs are carried out using Sopra GES 5E Ellipsometer
while bulk values are taken from Reference [61]. UTMFs have lower refractive
index and extinction coefficient compared to their bulk counterparts.

For comparison, two different ITO were grown: 28 nm not annealed and 28 nm
annealed at 450 ºC for 2 hours in normal atmospheric conditions. In addition,
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standard ITO sample (100 nm deposited onto Corning glass) for comparison
was also purchased for comparison. Transmittance spectra were taken with
a PerkinElmer Lambda 950 spectrometer in the UV–Visible region whereas a
Shimadzu FTIR-8400S Fourier transform IR spectrometer was used in the mid-
IR range. Note that substrate’s contribution is always taken into account in
optical transmittance measurements as Tf = Tt/Ts, where Tt is the total optical
transmittance (film and substrate), whereas Tf and Ts are, respectively, the
film and substrate optical transmittance. Electrical resistivities of the samples
were measured as explained in Section 2.6.2.

Figure 2.10: Average optical transparency across the visible wavelengths against
electrical resistivity for Cr and Ni films compared to ITO annealed and not
annealed.

Figure 2.10 shows the average optical transmittance in the visible range (375-
700 nm) and the electrical resistivity for the Cr and Ni films of different thick-
nesses together with those of ITO layers, both as deposited and annealed. In
the visible range the performance of UTMFs is comparable to that of ITO. In
fact, Ni films present a similar optical transparency with a significantly lower
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electrical resistivity. However, the real advantage of UTMFs over ITO in terms
of optical transmittance is in the UV and IR ranges.

Figure 2.11: Optical transmission of UTMFs compared to ITO annealed and as
deposited in the UV region: a) Nickel and b) Chromium.
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Figure 2.12: Optical transmission of UTMFs compared to ITO annealed and as
deposited in the mid-IR region: a) Nickel and b) Chromium.
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In the UV range (175 to 400 nm), ITO films present enhanced absorption
and therefore reduced transmittance since the material band gap is ∼330 nm
as discussed before. On the contrary, Cr and Ni films possess flatter optical
transmittance with levels comparable to those in the visible range [Fig. 2.11].

Figures 2.12 (a) and (b) show, respectively, the IR (from 2.5 to 25 µm) trans-
mittance of Cr and Ni films, both being compared against ITO layers. As in
the UV case, both Cr and Ni present superior optical transmittance proper-
ties: for thin samples both larger and flatter transmittance. The performance
of standard ITO was also investigated on corning glass, which presents a much
faster decay of the transmission in the near IR; in fact, the transmittance goes
below 20% already at about 2.8 µm. The difference between the two ITO sets
can be attributed to the difference in free electron density [4]. The fact that the
lower near-IR transparent ITO (on Corning glass) has a higher free-electron
density than that of ITO on UV fused silica or Si is also confirmed by its lower
electrical resistivity: about 160 µΩ × cm (the resistivity for ITO on UV fused
silica is about 430 µΩ × cm).

2.8 Stability

A potential drawback of UTMFs for their use as TEs is the degradation they
can undergo due to oxidation when exposed to environmental agents such as
air, moisture and temperature. In fact, contact with other reactive chemical
elements can also take place during fabrication (e.g. wet etching) or even be
part of the structure of the device (e.g. metal/SiO2). UTMFs are thus always
at risk of changing their electrical and optical properties. This aspect is also
important for non-noble metallic layers, such as chromium (Cr), nickel (Ni),
titanium (Ti) and aluminum (Al).

The effect of oxidation on the electrical and optical properties of UTMFs has
been investigated while, on the other hand, we take advantage to induce ad
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Figure 2.13: Electrical resistivity variation after cumulative annealing treatment.

hoc oxide protective layers, so that stable UTMFs can be achieved. The work
was focussed on Ni films, which we subjected to thermal treatment in either
ambient atmosphere (∼20% of O2) or in the presence of a continuous O2 flow.
The obtained results and techniques can be extended to other metals, such as
Cr, Ti and Al.

Several Ni UTMFs of different thicknesses were grown: 2.2, 3.4, 5, and 10
nm for the stability studies. The films were kept in ambient atmosphere for
12 days to analyze the environmental effect on the films. The corresponding
relative variation in electrical resistivity (∆ρ/ρ) in % was then measured for the
films. It was found that, for the thinnest sample (2.2 nm) the film resistivity
could not be measured any longer due to its high value while 3.4, 5 and 10 nm
films showed increases of 59%, 16% and 4% respectively.

The samples were then subsequently thermally treated with increasing tem-
perature, H1 to H4 (Fig. 2.13), carried out in ambient atmosphere using a
Selecta High-temp oven. The temperature was measured using a Fluke ther-
mometer 52 II connected to a 80 PK-1 thermocouple. The electrical resistivity
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Figure 2.14: Optical transparency of the films in the 400-2500 nm range (dashed
lines represent as deposited samples while solid lines are obtained after step
H5).

Figure 2.15: Effect of oxidation on the thickness of nickel based UTMFs.
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kept increasing after each thermal treatment for samples 3.4 nm and 5 nm,
this effect being larger for thinner films since the formation of a natural oxide
layer due to oxygen indiffusion reduces the effective metallic path, thus lead-
ing to higher electrical resistivity. A final step (H5) identical to the first one
(H1) was carried out at low temperature. As it can be observed in Fig. 2.13,
contrary to the initial step (H1), the electrical resistivity changes due to H5
are negligible (within 2%) for all films, thus indicating that all UTMFs have
reached high stability.

Figure 2.16: Electrical resistivity variation of passivated 10 nm nickel film with
temperature.

The optical transparency of all the samples was re-measured after the aforesaid
thermal treatments and compared to that of as-deposited films (Fig. 2.14). All
the samples showed increased transparency since metal oxides typically possess
a lower extinction coefficient than the original metals, and the top oxide layer
act as an index matching layer reducing the reflection and thus, increasing
transmission.

In order to further elucidate the mechanism and increase the speed of the
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oxidation leading to stability, the new Ni films were subjected to thermal
treatment under a controlled dry O2 flux. Films of different thickness were
subjected to 90 min of degassing in vacuum at a temperature of about 140 ºC
and subsequently exposed to O2 flux for 5 min by means of an ion gun (ion
gun settings: 160 V acceleration potential and 1.8 A ion current). The effect
of oxidation can be estimated by evaluating the thickness variation of films,
due to the formation of the corresponding metal oxide compound. Figure 2.15
shows the thickness scatter plot of different samples before and after the whole
oxidation treatment. In case of complete oxidation, and if the oxide compound
is known, one can write the thickness ratio between metal and its oxide as:

tox

tm
= Nox

Nm

Pox

Pm

dm

dox
(2.12)

where N is the number of moles, P is the molar mass and d is the density of
the material. Note that subscript m stands for metal and ox for the oxide.
The main relevant parameters for Ni and its main oxide compounds are given
in Table 2.1.

Element Molar Mass Density Nox/NNickel

Ni 58.69 8.908 -

NiO 74.71 7.45 1
Ni2O3 165.42 4.83 0.5

Table 2.1: Molar mass and density of nickel and its main oxide compounds Ni
(II) and Ni (III). Last column gives the ratio between the compound number
of moles over that of Ni.

Given that Ni has two oxide compounds (NiO and Ni2O3), both correspond-
ing complete oxidation lines are shown in Fig. 2.15 with slopes tox/tm of 1.52
and 2.6, respectively. Completely oxidized films will increase their thickness
according to a proportional factor within this interval, since the formation
of a solid solution of both oxides might also be possible. However, in prac-
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tice, oxidation is expected only up to a maximum thickness. Thicker layers
should undergo partial oxidation for the same amount of metal thickness; in
this case Eqn. 2.12 will not hold. By fitting experimental data of thicker
samples one obtains the partial oxidation line whose intersection point with
the complete oxidation line represents the maximum oxidation thickness. Ac-
cording to thickness variations, the maximum oxidation thickness under the
experimental conditions is in the range of 14 – 40 Å.

The electrical resistivity measurements of a passivated Ni 10 nm film were also
carried out as a function of temperature in the 30 °C – 150 °C range (Fig.
2.16). The stability of the layer is confirmed by the absence of significant
hysteresis, i.e., matching between “cooling-down” and “heating-up” curves.
The calculated value of the temperature coefficient for the resistance (a) from
Fig. 2.16 is 0.0106 °C−1.

2.9 Use in OLED device

Organic LEDs were the first devices to assess the potential of UTMFs. In
collaboration with Stephanie Cheylan and Danny Krautz (ICFO), single com-
ponent Ni UTMF was also used, instead of ITO, as a semitransparent hole-
injecting electrode for bottom polymer LEDs. Standard architecture of the
diodes used for the study was: Anode/PEDOT:PSS/PFO/Al, where ther-
mally evaporated Al layer (100 nm) was used as a cathode and the active layer
Poly (9,9-dioctylfluorene) (PFO) was weighed and dissolved in chloroform and
stirred overnight before spin coating to make the device. The results compar-
ing the performance of Ni based OLEDs with that to ITO are summarized in
Table 2.2.

In terms of device efficiency, a slightly higher efficiency is obtained for ITO
based device at low voltages. At higher voltages, Ni based devices show a
similar or improved efficiency over the ITO based device. Confinement of
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Work function
(eV)

JSC
(A m−2)

VTH/VmaxLce

(V)

Lum.
(cd m−2)

Ni 8 nm 5.1 5115 4.5/11 430
Ni 10 nm 5.1 7880 4/8.5 330

ITO 5 7880 3.5/7.5 360

Table 2.2: Performance data of the devices with ITO and Ni electrodes. VTH

corresponds to the voltage at which 1 cd m−2 is obtained and VmaxLce corre-
sponds to the voltage at which the maximum luminance is obtained.

light modes was also calculated for both ITO and Ni based devices using a
program based on the matrix transfer method. Due to the fact that the Ni
was extremely thin, no confined modes are present for it, while in the case of
ITO, confinement of the order of 55-65% for both TE and TM were obtained.
This explains the fact that for Ni films, despite having lower transmittance
compared to ITO, the device performance is as good as that of the ITO based
device.

2.10 Conclusions

We have successfully deposited UTMFs on UV fused silica and silicon sub-
strates with high uniformity and continuity. Surface analysis of the deposited
samples show that their RMS roughness is always below 1 nm. Our results
show that sufficiently thin Ni and Cr films are highly transparent in the shorter
wavelengths (UV) region whereas ITO, due to its band gap, has strong absorp-
tion. In the IR region, metal layers show higher transparency while ITO has
absorption due to resonance. In short, UTMFs show flatter optical trans-
parency over the full wavelength range, from the UV to the IR (175 nm to
25 µm), still maintaining high electrical conductivity. We have also solved
potential issues due to oxidation of UTMFs by intentionally growing a few
nanometers top oxide layer which in turn increases stability. The resulting
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stabilized films present higher optical transparency while preserving adequate
electrical conductivity. The measured wide optical transmission and excellent
electrical properties, combined with the proven stability after an ad hoc pas-
sivation treatment, make UTMFs serious competitors to ITO, in particular
in the UV and IR ranges. We have also investigated the possibility of using
single layer Ni UTMF as an alternative semitransparent electrode for OLED
applications.

We have demonstrated that similar efficiencies are reached for devices with
either ITO or Ni UTMF as bottom electrode. Such results are promising, also
considering that the intrinsic properties of the Ni UTMFs are not yet optimized
for device applications, as it is the case for ITO.



Chapter 3

Ultrathin metal film transparent

electrode incorporating a

conductive grid

3.1 Motivation

Among all the alternatives to ITO, UTMFs can overcome the high cost of raw
materials and can be grown using a simple processing [63, 64, 65, 66]. The
electrical resistivity (ρ) of UTMFs can be lower than that of TCOs [67]. How-
ever, if one wants to achieve high optical transmission, the thickness of UTMFs
should be limited to several nanometers, at the expense of RS. This implies
that the RS, which is given by ρ/t, of UTMFs is relatively high compared to
TCOs [67]. For example the RS of 2 and 10 nm thick Ni films are in the range
of 1000 and 50 Ω/�, respectively, while RS of 100 nm ITO film is in the 15 to
20 Ω/� range. If the thickness of Ni is further increased, lower RS values can
be achieved at the expense of the optical transmission. In fact 40 nm films
can achieve RS values of about 5 Ω/� but it becomes opaque. The larger the
RS value of a TE the higher the ohmic (resistive) loss in the devices using
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the TE, thus the larger the power (energy) loss, consequently the probability
that the device fails due to thermal loading in the TE area increases [68, 69].
Ohmic losses become critical for high current devices (e.g. laser sources and
solar cells) while they are less critical for low current devices (e.g. integrated
modulators and displays, which rely on capacitive charging).

Figure 3.1: (a) A drawing of the proposed grid pattern and (b) the cross-sectional
view.

Patterning of metals has been recently proposed as a method to achieve effec-
tive TEs [70, 71, 72, 73]. The semitransparent metal electrodes are in the form
of a nanometre scale periodically perforated dense metal on the substrate. By
changing the aperture ratio and the thickness of the metal the optical trans-
parency and the RS can be tuned. In fact it is shown that values comparable
to ITO can be achieved at the same time for optical transparency and RS. The
linewidth (i.e. the width of the regions where the metal is present) has to be
sub-wavelength, to provide sufficient transparency and to minimize scattering.
In addition the period of the structure must be sub-micrometer to ensure the
uniformity of the current on the substrate surface (e.g. uniform injection or
extraction of currents into or from an active layer). The latter drawback, i.e.
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the need of very small structural features with sub-micrometer periods, is due
to the fact that the electrode is missing on the majority of the area and the
ohmic loss due to conduction must be kept small. The structure being in the
nanometer to micron range, the approach requires demanding and expensive
conventional lithographic techniques for patterning. To make it less expensive
nonconventional lithographic techniques, such as nano-imprinting, have been
used. Such techniques have, however, several drawbacks, including a likehood
of missing metal lines and are relatively expensive than conventional tech-
niques for patterning on a larger scale (micron to mm range), including UV
lithography, screen printing and shadow masking during deposition.

In this chapter, a design is proposed and experimental results are reported
in support of it which confirm that it is possible to reduce the RS of UTMF
based TEs of more than two orders of magnitude without significantly affecting
their transparency. The proposed grid assisted UTMF based TE (G-UTMF)
consists of a uniform UTMF with a top metal grid structure in contact with it.
However, the concept can be applied to either a different conductive material
(semiconductor) or a different geometry (random mesh). By changing the
linewidth and the thickness of the grid, the optical transparency and the RS

can be tuned accordingly.

3.2 Design of the grid

The RS of the proposed G-UTMF can be calculated considering a portion
ABCD (Fig. 3.2) of the structure. The resistance of the portion ABCD is
the RS of the whole structure G-UTMF. The portion ABCD can be further
divided into five parts denoted by 1-5 as shown in the Fig. 3.2.

Let, ρB = resistivity of the thick film,

ρUTMF = resistivity of the UTMF,
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Figure 3.2: A portion of the G-UTMF.

tB = thickness of the thick film,

tUTMF= thickness of the UTMF,

The RS of G-UTMF can be written down as,

R(S,TOT ) = (R4 +R5 +R2) ‖ R1 ‖ R3

where R4 = R2 and R1 = R3

Using the definition of resistivity and considering Ohm’s law, RS,TOT can be
calculated as follows

RS,TOT = ξ

ρB

tB

1
fF

(
ρB

tB

W
G

+ ρUT MF

tUT MF

)
ρB

tB

1
fF

+ ρB

tB

W
G

+ ρUT MF

tUT MF

(3.1)

where ξ is a correction factor, which depends on deposition conditions and can
be determined experimentally for a given deposition technique and specific
process. G is the grid spacing and W is the linewidth. fF is the filling factor
defined by W/(G+W ). The filling factor thus quantifies the area covered by
metal strips compared to UTMF. In fact with good approximation the RS of
G-UTMF on a scale larger than the period of the grid can be expressed by the
following
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RS,TOT = ξ
ρB
tBfF

(3.2)

Similarly, the optical transparency of the G-UTMF can be written down as
follows

TTOT = TUTMF ×
(

G

G+W

)2
(3.3)

Equation 3.3 can be rewritten in terms of filling factor as

TTOT = TUTMF × (1− fF )2 (3.4)

where it is assumed that the thickness of the metal grid is large enough to
make it opaque. From Eqn. 3.4 one can gather that the transparency of the
G-UTMF is independent of the grid metal thickness, only a function of the
filling factor fF . This eliminates the inverse trade-off relationship between
optical transparency and electrical conductivity of metal based TEs.

Figure 3.3: Microscopic (left) and macroscopic (right) view of a G-UTMF.

One aspect of the structure relies on the use of a uniform, continuous UTMF
with a larger thickness metal grid on top of it. Depending on the application
such grid can be either on a nanometre to micron scale (e.g. in the case of
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LEDs where the scattering due to metal lines are to be avoided to preserve
the output optical beam quality) or micron to hundreds of microns scale (e.g.
in the case of solar cells where preserving the quality of the incoming optical
beam is not essential). The period and linewidth of the grid depend also on
the thickness of the underneath UTMF and the local currents involved. In
general, the thinner the UTMF thickness and the larger the current densities,
the smaller the regions not covered by the grid.

Figure 3.4: RS of G-UTMF as a function of linewidth for different grid spacing
with fixed tB=500 nm

In such a combined structure (G-UTMF), besides contributing to the collection
and injection of electrical charges where the grid lines are absent, the underly-
ing UTMF layer can also be used for other functionalities, for example, work
function matching with active layers in photovoltaic and LED devices. Since
the RS of the underlying UTMF becomes negligible on a scale larger than the
grid period, the overall current distribution is mainly dominated by the metal
grid-structure.

Figure 3.4 shows the calculated dependence of RS,TOT on the linewidth for



Chapter 3. Ultrathin metal film transparent electrode incorporating a conductive grid 61

Figure 3.5: (a) Variation of RS (a) and transparency (b) of the G-UTMF with
filling factor. The verticle dotted line in the figures correspond to the calculated
optimum filling factor.
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different grid spacing (tB= 500 nm fixed). All of these calculations were carried
out considering the same material (Ni) for both grid and UTMF. As the grid
spacing widens, the RS slightly increases due to the decreased filling factor.
Figure 3.5(a) shows the dependence of RS,TOT on fF for different grid metal
thicknesses (G =500 µm fixed). With the increase in grid metal thickness,
RS,TOT decreases significantly as the conductivity behavior relies on the thick
metal grid-structure. The influence in fF on the transparency is shown in Fig.
3.5(b), exhibiting a linear behavior over the presented range. From this data it
is evident that a trade-off exists between TTOT and RS,TOT , which corresponds
to an optimum fF . To define the trade-off the concept of figure-of-merit, ΦTE,
is introduced defined by Haacke [74].

ΦTE = T 10
TOT

RS,TOT

(3.5)

Using Eqns. 3.2 and 3.4, Eqn. 3.5 can be rewritten as

ΦTE = tB × T 10
UTMF × fF × (1− fF )20

ξ × ρB
(3.6)

= A× fF × (1− fF )20 (3.7)

where A can be viewed as a constant for a given grid thickness, which equals
to [tB × T 10

UTMF/ (ξ × ρG)]. Considering the small value of fF (<�< 1), Eqn.
3.7 can be simplified by using Newton’s binomial theorem as follows

ΦTE ≈ A
(
fF − 20f 2

F

)
(3.8)

For this quadratic equation, the value of filling factor for which the ΦTE is
maximized can be calculated as follows
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dΦTE

dfF
= A (1− 40fF ) = 0

fF = 1
40 = 0.025 (3.9)

From the definition of fF , for the highest ΦTE, the ratio of spacing (G) to
the linewidth (W ) should equal to 39. Moreover, one can further tune RS by
proper choice of grid thickness, tG and using different metallic materials.

3.3 Implementation

Figure 3.6: Steps involved for the fabrication steps for G-UTMF.

To realize the G-UTMF structure, a 2 nm Ni UTMF was deposited at room-
temperature on a double side polished UV fused silica substrate using 100 W
DC power (Ajaint Orion 8 HV sputtering system) in a pure Ar atmosphere at
a pressure of 2 mTorr. Prior to the deposition, the substrates were cleaned in
standard way as mentioned in Section 2.2. A negative photoresist was then
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spin-coated on the film with a thickness of about 1.2–1.3 µm. In fact, the
thickness of the photoresist determines the maximum thickness of the metal
grid to be deposited later in the process. The sample was then baked at
120 ºC for 2 minutes inorder to evaporate the solvent from the photoresist.
Thereafter, the sample was exposed to UV light for 5.1 seconds using Quintal
Q4000 mask aligner with a hard mask of desired grid pattern placed on top
of the sample. The sample was reversed baked for 1 minute 30 seconds at
120 ºC followed by flood UV exposure for 18 seconds. The exposed sample
was then developed for about 40 seconds which removes the photoresist in the
regions of the sample where the UV light is blocked by the hard mask, thus
making openings in the sample to deposit the thick metal grid. The sample
was again loaded in the sputtering chamber and a thick metal was deposited
using the same aforementioned conditions. After depositing the thick metal
the sample was dipped in acetone and placed in an ultrasonic bath till the
remaining photoresist was lifted off.

The RS of the obtained G-UTMF and the initial UTMF was measured by Van
der Pauw method and Four Point Probe (Section 2.6.2), respectively, as the
latter method was found unstable and irreproducible for G-UTMF structures.
For the transmission spectra, Perkin Elmer Lambda 950 spectrophotometer
was used.

3.4 Experimental results

To experimentally assess the proposed design, four samples of different linewidth
(5, 10, 15, and 20 µm), with fixed G = 500 µm and tG= 50 nm were fabricated.
Both UTMF and grid were made of Ni. According to our deposition condi-
tions, the value of ξ was determined as 7.2. Table 3.1 compares the calculated
and experimental data, which are in good agreement with each other for large
G/W values. For small G/W values the approximation condition in Eqn. 3.2
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is no longer valid. However, the aforementioned equations help to design and
predict the performance of G-UTMF based TEs. Note that the grid thickness
employed in table 3.1 is fixed at 50 nm. One can multiply the grid thickness
and choose other metals such as copper, silver, or gold to scale down the RS

to below 10 Ω/� without compromising the transparency.

Figure 3.7: Comparison of optical transparency for UTMF (2 nm Ni), G-UTMF
(2 nm Ni+100 nm Cu grid), and 100 nm ITO. The corresponding RS are
also indicated. Note that the substrate contribution is taken into account as
mentioned in Section 2.7

To demonstrate the possibility, a G-UTMF sample using 100 nm Cu grid +2
nm Ni UTMF was facricated and a RS of approximately 6.5 Ω/� and optical
transparency exceeding 75% was achieved. Figure 3.7 shows the transparency
dependence on wavelength of the Ni UTMF, Ni/Cu G-UTMF and, for compar-
ison, of a standard ITO film. One can readily appreciate that the transparency
of all the films is similar in the visible region while it is much higher for the
metal based TEs in the UV and infrared, the latter aspect being crucial in
several applications (e.g., UV and infrared detectors and photovoltaic cells for
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space).

G/W 25 33 50 100

Exp. Data

(RS , TT OT )

(28.3, 76.5) (51.4, 76.6) (99.3, 76.8) (197.1, 80.3)

Cal. Data

(RS , TT OT )

(52.0, 74.2) (67.7, 75.8) (101.3, 77.2) (197.7, 78.73)

Table 3.1: Comparison of experimental results with calculated theoretical values
for different G/W ratios. Ni was used for both UTMF and grid material.

3.5 Conclusions

In summary, by incorporating a thick metal grid on the top of an UTMF, an
effective approach to reduce significantly (more than two orders of magnitude)
the electrical RS of metal based TEs, with negligible loss in optical trans-
parency is demonstrated. The theoretical calculation showed that the value of
the filling factor and the ratio of grid spacing to linewidth should be around
0.025 and 39, respectively, to achieve the highest figure-of-merit. Further tai-
loring in optical and electrical properties of the proposed G-UTMF based TEs
can be achieved by using different materials and grid geometries. It should
be noted that the grid or mesh structure could be deposited using inexpensive
techniques, such as screen printing and shadow masking during deposition.
The process simplicity and the low cost of the proposed structures will have
an impact in a wide range of applications, including photovoltaic cells, optical
displays, detectors and electrochromic devices.
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Copper bilayer transparent

electrodes

4.1 Motivation

The shortcomings of ITO have led to the search for alternatives, such as single
walled CNTs, graphene films, and UTMFs [75, 76, 77, 78]. Copper in thin-film
form is a very inexpensive material with excellent electrical and optical prop-
erties hence its wide use in microelectronics. However ultrathin (i.e. ≤10 nm)
Cu films are prone to oxidation and corrosion, which alter significantly their
electrical and optical properties. This chapter describes the development of bi-
layer TE structures consisting of an ultrathin and continuous Cu film covered
by a protective ultrathin Ti or Ni film. The capping layer is chosen according
to the functional requirements of specific devices. The top Ti or Ni capping
layers are then typically in situ treated with O2 plasma which notably increase
their transmittance. Both the Ni and Ti enhances the stability of the Cu based
TEs and, in addition, Ni also increases the work function. The measured op-
tical performance of the fabricated films is in good agreement with theoretical
estimation based on multiple reflection and refraction (MFMR) model [79, 80].
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The obtained Cu-Ti/Ni bilayered structure meets the requirements of the ma-
jority of optoelectronics applications, such as organic LEDs and photovoltaic
solar cells, liquid crystal displays, presenting large optical transparency, low
electrical RS, and stability against temperature and oxidation. Transparency
as high as 86% at 630 nm, RS as low as 16 Ω/� have been achieved in bi-
layer Cu based films films, which also exhibit significantly higher stability than
single layer Cu films against temperature in ambient atmosphere.

4.2 Implementation

Polycrystalline UTMFs were deposited by DC magnetron sputtering (ATC
Orion 8 HV) on double-side optically polished UV grade silica substrates.
Prior to the deposition, the substrates were cleaned in standard way as men-
tioned in Section 2.2. The deposition rate was determined to be 1.5 Å/s
for Cu, 0.083 Å/s for Ti and 0.573 Å/s for Ni, respectively. The following
four sets of samples were prepared: Cu of different thickness, Cu of different
thickness with a constant 1 nm Ni capping layer, Cu of different thickness
with a constant 1 nm Ti capping layer, and Cu of different thickness with a
constant 5 nm Ti capping layer, named Cu(δ), Cu(δ)+Ni(1), Cu(δ)+Ti(1),
and Cu(δ)+Ti(5), respectively, where δ is the thickness in nanometers. The
Cu(δ)+Ti(5) samples have been further treated in situ after the deposition.
The treatment consisted of exposing the samples to O2 plasma for 15 min un-
der a working pressure of 8 mT and 40 W RF power. The treated samples have
been named Cu(δ)+Ti(5)_TR. A Perkin Elmer lambda 950 spectrometer was
used for optical transmission measurements while Cascade Microtech 44/7 S
2749 four-point probe system with a Keithley 2001 multimeter for electrical
RS measurements. The morphology of the fabricated films was characterized
by AFM with the digital instrument Veeco Digital Instrument Dimension 3100
AFM and associated software.
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4.3 Experimental results and analysis

Figure 4.1: Average visible optical transparency as a function of RS for different
sample sets, Cu(d), Cu (d)+Ni1, Cu (d)+Ti1, and Cu(d)+Ti5_TR. The value
of Cu thickness (d) identifies each point in the curve. The corresponding values
of SWCNT and graphene are also shown.

Figure 4.1 compares the performance of Cu based transparent UTMFs along-
side SWCNT and graphene film, all of them considered alternative TEs of
TCOs. It can be seen that the Ti capping layer increases the transparency
without any significant change in RS while the Ni capping decreases the trans-
parency by ∼7-8% as Ni has higher extinction coefficient compared to Ti. For
UTMFs, the theoretical models for resistivity do not work very well, because
besides geometrical limitation (size-effect) that enhances surface scattering,
the resistivity also depends on volume sources of scattering, such as grain
boundaries, voids, and discontinuities, which are very sensitive to deposition
conditions as explained in Section2.6.1. Therefore, in our case, the deposition
conditions were optimized through subsequent iterations, including the process
for O2 plasma treatment, so that the films have the lowest RS. It is observed
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that the conductivity behavior of the four sample sets is mainly dominated by
the underlying ultrathin Cu layer when it becomes continuous (Cu thickness
>5 nm). Assuming that the total resistances of the bilayer coupled in parallel,
it is possible to calculate the specific resistance of the bilayer structure. This
assumption is only justified if film boundary effects are negligible [81, 82],:

RS = RCu×
RCap

(RCap +RCu) = RCu

1 + η
(4.1)

where η = RCu/RCap, and RS, RCu, RCap are the sheet resistance of the bilayer
structure, the conductive Cu layer, and the capping layer, respectively. The
O2 plasma treatment on Cu(δ)+Ti(5) oxidizes only the top few nanometers
of Ti without altering the interface between Cu and Ti. The formation of
titanium oxides not only protects the underlying Cu layer from oxidation but
also increases the optical transmission. Depositing TiO2 directly from a target
was also tried and it was found that directly depositing an oxide layer on the
top of Cu UTMF can inevitably lead to partial oxidation of the Cu layer,
with a consequent increase in the RS. Moreover, according to Eqn. 4.1, the
presence of the titanium oxides capping layer should have negligible influence
on the overall RS given the fact that RCap� RCu. In other cases, Ni is chosen
as capping metal layer since it has high resistant to oxidation as well as high
work function (5.15 eV). For some specific applications such as OPVs and
OLEDs, the high work function of the electrode plays an essential part in final
device performance when the TE is used as an anode.

To compare the performance of different sample sets, we calculated the figure-
of-merit, ΦTE, which takes into consideration the transparency and the RS

of the electrode, according to the definition provided by Haacke [74], ΦTE =
T 10

lum/RS, where Tlum is the photopic transparency, i.e., the transparency nor-
malized by photopic luminous efficiency function as follows:
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Figure 4.2: ΦTE for different sample sets, Cu(δ), Cu (δ)+Ni1, Cu (δ)+Ti1, and
Cu(δ)+Ti5_TR. The total thickness (δtot) is the sum of deposited Cu and
Ni/Ti thicknesses, (b) Determination of percolation threshold. The value of
Cu thickness (δ) identifies each point in the curve
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Tlum =
780ˆ

375

f(λ)T (λ)dλ/
780ˆ

375

f(λ)dλ (4.2)

where f(λ) being the relative sensitivity of the human eye in the photopic state
and T(λ) being the transparency spectrum of the films.

Figure 4.2(a) shows ΦTE for the different sample sets. Among the four sets
of samples, the Cu(δ)+Ti(5)_TR samples present a peak value of ΦTE equal
to 4.1×10−3 Ω−1. Evaluating from the data presented in Fig. 4.1, ΦTE of the
proposed ultrathin Cu based TEs is significantly higher than that of SWCNT
and graphene films, currently considered as potential replacements of widely
used TCOs. For all the sample sets the optimum ΦTE corresponds to a Cu
thickness between 5.5 and 6.5 nm which indicates that Cu films become con-
tinuous in this thickness range. The percolation threshold, i.e., the thickness
corresponding to which the film changes from an island distribution to a con-
tinuous layer, is also estimated by plotting RSδ

3
tot versus δtot (where δtot stands

for the total film thickness) for the different sample sets (Fig. 4.2 (b)) [83]. The
percolation threshold for all the sets is found to be between 5.5 and 6.5 nm,
which confirms the film continuity thickness resulting from the ΦTE curves. In
addition, the peak-to-valley value measured by AFM for the samples with Cu
thickness less than 5 nm is higher than the film thickness, which implies that
the films are discontinuous over the microscopic dimension.

In order to better understand the enhanced ΦTE in the Cu+Ti(5)_TR struc-
ture, the reflection and transmission of our films based on the MFMR model
were calculated, in which multiple reflection and refraction are taken into ac-
count. According to the MFMR model, the total reflectance (R) and trans-
mittance (T) for a N-layer system can be written as:

RN−j+1 = rj +RN−je
2i∆j

1 + rjRN−je2i∆j
(4.3)
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Figure 4.3: AFM images of Cu(6.5), Cu(6.5)+Ni(1) and Cu(6.5)+Ti(5)_TR
respectively from top to bottom. The RMS roughness of the films is deter-
mined to be 0.7 nm, 0.9 nm and 0.82 nm for Cu(6.5), Cu(6.5)+Ni(1) and
Cu(6.5)+Ti(5)_TR respectively.
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TN−j+1 = tjTN−je
i∆j

1 + rjRN−je2i∆j
(4.4)

where rj and tj are the Fresnel coefficients for j = 1, ..., N and Dj = 2pñjdj/λ

is the phase difference between boundaries of the jth layer, ñj being the com-
plex refractive index (ñj = nj + ikj) and dj being the thickness of the jth

layer. In our case, a two-layer system is considered and carried out calcula-
tions based on normal light incidence, smooth interface, and uniform refractive
index of each layer. Figure 4.4 compares the calculated and experimental data
for Cu(6.5) and Cu(6.5)+Ti(5)_TR samples, respectively. Compared to pure
Cu(6.5), the Cu(6.5)+Ti5_TR shows suppressed reflection as evidenced from
both experimental data and theoretical prediction (Fig. 4.4(a)), thus leading
to larger transparency. Figure 4.4(b) depict the experimental and calculated
transparency as a function of wavelength for Cu(6.5) and Cu(6.5)+Ti(5)_TR
sample, respectively. There is a good agreement between the calculated and
experimental values, which suggest that the proposed model can be used as
a potential design tool for such bilayer metallic TEs. It is obvious from both
Figs. 4.1 and 4.4 that Ti capping layer in situ treated by O2 plasma can appar-
ently improve the optical properties of Cu based UTMFs due to contribution
of multiple reflection and refraction effects in Cu-Ti system.

To evaluate the stability of the proposed Cu based TEs, three sample sets,
Cu(8), Cu(8)+Ni(1), Cu(8)+Ti(1), and Cu(8)+Ti(5)_TR were fabricated and
kept them in ambient air for a dwell time of 45 min at several fixed tempera-
tures (T ) and measured the RS(T ) after each thermal cycle at room tempera-
ture. The stability of the Cu based TEs can be evaluated by the relative slope
variation

tanθ = |RS(T −∆T )−RS(T )|
∆T (4.5)

By polar-plotting θ versus T , as it is shown in Fig 4.5, the stability can be
readily identified by the relative position in the figure. The ideal stability cor-
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Figure 4.4: (a) Average visible reflection from the experimental and calculated
data for Cu (6.5) and Cu(6.5)+Ti(5)_TR samples, (b) experimental and calcu-
lated transparency for Cu (6.5) and Cu(6.5)+Ti(5)_TR samples respectively.
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responds to the horizontal axis θ = 0, which implies a RS independent of tem-
perature. Compared to Cu(8) and Cu(8)+Ti(1) samples which are subjected
to an evident increase in RS after thermal treatment, the Cu(8)+Ti(5)_TR
sample is found to be more stable, while Cu(8)+Ni(1) is little influenced by
temperature, exhibiting excellent thermal stability up to >180 ºC.

Figure 4.5: Polar graph for the stability of the proposed Cu based TEs. The
horizontal axis (θ=0) corresponds to ideal stability.

4.4 Performance in OLED and OPV devices

Out of the four sets of sample investigated, Cu(δ)+Ni(1) was then examined
for possible use in OPV and OLEDs as it has high work function required to
be used as an anode. In collaboration with Stephanie Cheylan and Danny
Krautz (ICFO), as deposited Cu(δ)+Ni(1) films were used, instead of ITO,
as transparent hole-injecting electrodes in bottom emitting polymer LEDs.
Standard architecture of the diodes used was: Anode/PEDOT:PSS/SY/CaAg.
Poly(phenylenevinylene) copolymer (SY), commercially available from Merck,
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is dissolved in toluene, stirred overnight and filtered before being spin-coated
onto the PEDOT-PSS layer to a thickness of around 80 nm. Ca and Ag are
sequentially thermally evaporated (< 5 x 10−6 mTorr) onto the emitting layer
using shadow mask. As ozone treatment of anode is essential pre-requisite
before PEDOT:PSS spin coating, its effect on Cu(δ)+Ni(1) is also investigated
during device fabrication. It is found that the 15 minutes of ozone treatment
has very negligible effect on its properties while pure Cu degrades both its
electrical and optical properties confirming the importance of Ni capping layer.

Work function
(eV)

JSC
(A m−2)

VTH/VmaxLce

(V)
Lum

(cd m−2)
Cu 4.65 5860 2.6/8.1 10020

Cu(7)+Ni(1) 5.1 8830 2.2/7.1 12500
ITO 5.0 8830 2.2/6.2 12500

Table 4.1: Performance data of the OLED devices with ITO and Cu based
electrodes.

For comparison, commercially available ITO (100 nm and 17-21 Ω/�) is used
to realize the same device architecture. The Cu(7)+Ni(1) anode based device
shows similar performance to the ITO-based one. The excellent device per-
formance based on Cu(7)+Ni(1) anode is related to a significant improvement
in the injection of charges due to an improved work function matching at the
anode-organic interface and low RS.

JSC
(mA cm−2)

VOC

(mV)
FF
(%)

PCE
(%)

Cu(7)+Ni(1) -8.26 505 59 2.51
ITO -10.62 520 59 3.31

Table 4.2: List of electrical characterization data for the OPV device comparing
ITO and Cu based devices.
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In addition, in collaboration with the Organic Nanostructured Photovoltaics
group at ICFO, the developed TE has also been used in OPVs. The OPV had
the following configuration: Anode/NiOX/P3HT:PCBM/LiCoO2/Al. Stan-
dard ITO devices were also made for comparison.

In all devices, the values of open circuit voltage (VOC) and fill factor (FF )
were practically the same. The differences between the devices were related
to changes in short-circuit current density (JSC), which affects directly the
efficiency. However, the OPV device incorporating UTMF based electrodes
could achieve an efficiency of about 77% of that using an ITO. The high
efficiency of the Cu(7)+Ni(1) was partly due to the high metal reflectance
which in turn could give rise to an enhanced photon absorption, due to the
formation of an optical microcavity between Cu-Ni anode and the Al cathode.

4.5 Conclusions

In conclusion, an inexpensive, easy-to fabricate, ultrathin Cu based TEs sta-
bilized using a capping Ti or Ni layer has been developed. An average visible
transparency as high as 75% (peak transparency of 86%) and stability against
temperature and oxidation up to 180 ºC has been achieved. The capping layer
thus acted as a functional layer and can be chosen depending on the applica-
tion specific device requirements. The electrical conductivity of the electrodes
is dominated by the underlying continuous Cu layer and RS as low as 16 Ω/�
were reached. The ΦTE of the proposed ultrathin Cu based TEs was signifi-
cantly higher than that of SWCNT and graphene films, currently considered
potential replacements of widely used TCOs. The OPV device fabricated on
Cu(7)+Ni(1) as anode reaches 77% of that using ITO showing its their effec-
tiveness for organic electronics. The bilayer metallic concept presented in this
paper can also be extended to other metals, for example Ag and Pt instead of
Cu and Ti/Ni, respectively.



Chapter 5

Ultrathin alloy films as

transparent electrodes

5.1 Motivation

UTMFs have been studied in organic optoelectronics as stand-alone TEs or
in combination with conducting oxides, as it has also been described in the
previous chapters. UTMFs have cost and processability advantage over the
TCOs, such as the widely used ITO. Although UTMFs has wider transparency
spectrum from UV to mid-IR (Section 2.7), the spectrum within the visible
range is non-uniform due to the plasma formation at a characteristic frequency(
ωp = (4πne2/m)1/2

)
as well as intraband electronic transitions. The peak

transmittance of UTMFs, which also provides sufficiently large electrical con-
duction, is usually as high as 80% at the plasma frequency and it decreases
on both sides. This translates into both a lower average optical transmission
as well as a non-uniform wavelength response. One solution to counteract the
transmission decrease associated to reflection above the plasma frequency is to
use antireflection thin film oxides, such as ZnO, ITO, and TiO2. The resulting
multilayer TE structures can present high optical transparency and low RS
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[84]. Their complexity has the drawback of increasing processing time and
material cost while the brittleness of the oxides limits the mechanical flexibil-
ity. Another solution is to combine UTMFs which present transmission peaks
at different wavelengths in the visible region. In that way the advantages of
UTMFs, such as a good trade-off between transparency and RS, simple pro-
cessing, low cost and mechanical flexibility, can be maintained while achieving
a flat wavelength response in the visible region. For example bilayer metal elec-
trodes for top emission organic light-emitting devices, which consists of thin
layers of Ca and Ag metals of different thicknesses, have been investigated [85].

In this chapter, a novel approach, consisting in co-sputtering Ag and Cu.
UTMFs of Ag and Cu show peak transmittance at around 335 and 630 nm,
respectively is described. The forming Ag/Cu alloy presents a transmission
spectrum flatter with respect to the individual Cu and Ag layers. In addition,
since both Ag and Cu are UTMFs that exhibit very high electrical properties
their mixture shows low RS. If need be in the device where they are used, the
alloy films can be further coated with, for example a Ni layer, to enhance both
their stability and work function as demonstrated in Chapter 4. The resulting
alloy films are exceptionally smooth, truly flexible, and remarkably resistant
at elevated temperatures and with high work function. To prove their device
potentials, the developed UTMF alloys were used as a semitransparent anode
in OPVs, showing equal PCE of similar devices incorporating ITO electrodes.

5.2 Optical spectra

To predict and assess the potential of alloy films as semitransparent electrode
for display, photovoltaic and lighting applications, we analyzed their optical
behavior by solving Fresnel’s equations, i.e. the matrix formalism described in
Section 4.3.

The n, k parameters used for transmission calculation of alloy films were av-



Chapter 5. Ultrathin alloy films as transparent electrodes 81

Figure 5.1: Optical transmission in the visible spectrum for different (a) alloy
films with 50%-50% composition for the two constituent metals, (b) percentage
composition of Ag-Cu alloy films.
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erage weighted values of the constituent metal films at any given wavelength
(Eqns. 5.1 and 5.2).

nAlloy,λ = n1,λ + n2,λ (5.1)

kAlloy,λ = k1,λ + k2,λ (5.2)

where (n1, k1) and (n2, k2) are the optical constants for the two constituent
metal. Figure 5.1(a) shows the prediction of optical transparency for different
alloy films of 50%-50% composition in the visible range. For all the curves, 10
nm thick films were considered. As it can be seen in the figure, Ag/Cu alloy
films have the highest and flattest optical transmission among all alloy films
and therefore, chosen for futher study.

We have also calculated the optical response of the Ag/Cu alloy films for dif-
ferent percentage compositions. As it can be seen in Fig. 5.1(b), the amount
of Ag content dominates the optical behavior of the alloy film. For Ag compo-
sition ≥ 50%, the alloy films begin to show higher average transmission in the
visible region. The 50%-50% composition shows the flattest optical response
among all other compositions and thus, remain the subject of our study.

5.3 Implementation

The alloy films were prepared onto 1 mm-thick UV grade optically polished
silica substrates by means of DC magnetron sputtering (ATC Orion 8 HV) in
pure argon atmosphere. Prior to the deposition, the substrates were cleaned
in a standard way, as it is described in Section 2.2. To prepare alloy films by
co-sputtering, deposition rate of pure Cu and Ag targets were measured and
the process was set up to achieve the same deposition rate for both metals.
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The thickness of the resulting alloy films is given by the sum of the individual
metal thickness as the metals were sputtered on their own. Single component
Ag and Cu films were also prepared under the same conditions to compare with
the alloy films. It has to be said that another way of preparing alloy films is to
sputter directly from an alloy target of a given composition, e.g. 50% Cu and
50% Ag. However this approach has the disadvantage of target degradation
after a few depositions due to different deposition (target consumption) rates
of the constituent metals. A Perkin Elmer lambda 950 spectrophotometer was
used for optical transmission measurements while a Cascade Microtech 44/7
S 2749 four-point probe system with a Keithley 2001 multimeter for electrical
RS measurements. The surface morphology and composition of the fabricated
films were characterized with AFM and SEM, respectively.

Figure 5.2: Experimental comparison of optical spectra between Ag/Cu (50%-
50%) alloy and single component Ag and Cu metal films. The graph also shows
the theoretical optical prediction for the alloy film.
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5.4 Optical, electrical and mechanical performance

As it can be seen in Fig. 5.2, there is good agreement between experimental
and theoretical curves for the alloy film, despite the fact that we have con-
sidered bulk values for n, k of Cu and Ag, which can be different from the
actual values when the thickness of the film becomes smaller than 10 nm [86].
As it was expected, the alloy film shows a quite flat behavior compared to
single component Cu and Ag films, with the peaks due to Ag and Cu strongly
reduced. As it will be shown in the next section this makes the alloy films
particularly suitable for application-specific devices, such as OPVs.

Figure 5.3: AFM images of Cu-Ag alloy (a, c) and Ni capped alloy film (b, d).
The RMS roughness of the alloy film is 0.523 nm which is similar to single
component Cu and Ag films, while the RMS roughness increases to 0.9 nm
after coating with 1 nm Ni capping layer

Generally, alloy films are usually harder and less conductive than their con-
stituent metals. Metals when deposited as single materials show uniform den-
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sity while alloys can vary their density across the substrate, thus leading to
enhanced scattering of conduction electrons, in turn larger electrical resistivity.
This is confirmed by the fact that the RS of the deposited alloy films is slightly
larger than those of single component metal films. The RS of 10 nm alloy film
is about 15 W/� while similar thicknesses of Cu and Ag films provide 12 and
8 W/�, respectively.

Energy dispersive X-ray spectroscopy (EDX) was also carried out to deter-
mine the actual chemical composition of the deposited alloy films (Fig. 5.4).
The films showed nearly equal presence of Cu and Ag. The AFM analysis of
the deposited alloy films and Ni 1 nm capped films reveals RMS values for
the roughness lower than 1 nm, which demonstrate an exceptionally smooth
surface morphology.

Figure 5.4: EDX analysis of the Ni 1 nm capped alloy films.

The stability of the alloy films was assessed in harsh conditions, at high tem-
perature and in the presence of oxygen atmosphere. The pure alloy films starts
degrading in performance at 90 ºC in ambient conditions while the Ni 1 nm
capped alloy film maintains its electrical and optical properties up to elevated
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temperatures of about 180 ºC, while still preserving its RMS roughness below 1
nm. In fact, the Ni capped alloy films behave similar to the Cu(δ)+Ni(1) films,
already described in Chapter 4 (Fig. 4.5). Besides improving the durability
of the underlying alloy, the 1 nm Ni capping layer increase the work function,
being this feature crucial in the case of OPV devices. The developed alloy elec-
trode also exhibited excellent mechanical flexibility, as it was evidenced by the
observed crack-free behavior of deposited alloy on PET substrates, even after
104 bending cycles with a radius of curvature (rC) continuously going from a
minimum of 4 to a maximum of 12 mm. During the mechanical flexibility tests
the electrical and optical properties were also maintained, while similar tests
on commercially available ITO on PET substrate shows an increase in RS of
550% just after 10 cycles. This value increases to 1580% after 20 cycles. In
addition cracks become evident in the ITO film on the PET substrates after a
few cycles, in agreement with the observed RS increase.

Figure 5.5: RS change during bending as a function of number of bending cycles
for Cu-Ag alloy and ITO.
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5.5 Performance in an OPV device

In collaboration with Jaehyung Hwang and Ingmar Bruder from BASF, the
developed alloy TE has also been used in OPVs. The OPV had the follow-
ing configuration: Anode/MoO3(5 nm)/ID345:C60(1:1,35 nm)/C60(25 nm)
/Bphen(5 nm)/Ag(100 nm). Devices incorporating standard ITO and single
component Cu and Ag were also made for comparison.

JSC
(mA cm−2)

VOC

(mV)
FF
(%)

PCE
(%)

Cu -7.4 770 47 2.6
Ag -8.1 505 46 1.8

Alloy -8 770 47 2.9
ITO -7.3 760 51 2.9

Table 5.1: List of electrical characterization data for the OPV devices incorpo-
rating alloy and ITO electrodes.

With respect to the ITO devices, The OPV cell incorporating the Ni capped
Ag/Cu (50%-50%) alloy TE shows higher current density and short-circuit
voltage and slightly lower filling factor, the latter possibly due to a higher
value of shunt resistance. Both the ITO and alloy cells have the same PCE
(2.9%), whereas devices made of Cu/Ni 1 nm show a promising PCE reaching
90% of that of ITO based devices (as in Section 4.4 with experiments at ICFO),
thus still lower than the alloy ones. The lower JSC for the ITO based devices
could be due to its higher sheet resistance and lower microcavity effect which
is more prevalent in metal based device due to their higher reflectance in the
visible region compared to ITO. Devices incorporating Ag electrodes did not
work properly. This could be due to the fact that the transmission of Ag
monolayer film is lower in the optical region where the active medium has
highest absorption of the photons. Despite having lower RS, the lower PCE of
the devices incorporating single component metal TEs confirms the fact that
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a flat optical spectrum is essential for the high performance.

5.6 Conclusions

We have investigated Cu-Ag alloy films as alternative TE structures and demon-
strated that they can perform as well as ITO with the advantage of being lower
in cost and higher in mechanical flexibility. The optical spectrum of such al-
loy films follows the average optical behavior of single component Cu and Ag,
thus resulting in a much flatter optical response in the visible regime. In ad-
dition, the films exhibit very low surface roughness and greater stability in
harsh environment when capped with Ni layers. In collaboration with BASF
in Germany, we have also shown high efficiency (2.9%) in OPV devices, equal
to those obtained in similar structures using ITO, thus suggesting that indium-
free organic devices can be achieved using the proposed alloy based TEs.



Chapter 6

Ag/Al:ZnO nano-thick bilayer

transparent electrodes

6.1 Motivation

The search for an alternate TE other than ITO has led to the development
of other TCOs. For example al doped ZnO (AZO) is another recent choice
to be used as one of TEs and has advantages like low cost and non-toxicity
[87, 88, 89, 90]. Another way of getting a more performing TE is to use the
dielectric/metal/dielectric sandwich structure [88, 92, 94]. But this kind of
triple or more layer structure leads to complexity as one needs to deposit a
thicker oxide layer at relatively high temperature before and after the metal
deposition and also increase the total film-thickness, which is a shortcoming
for flexibility.

In this chapter, we propose a bilayer structure of metal/oxide (AZO capped Ag
nano-thick film), which can overcome the high reflection of metals and retains
their good electrical behavior, while keeping the minimum total film-thickness.
In this work, AZO and Ag thin films were deposited onto UV grade fused silica
and plastic PET substrates by simple DC sputtering at room temperature.
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Electrical and optical properties of the bilayer structure were theoretically
and experimentally studied with repect to the Ag thickness. Environmental
stability of the proposed bilayer was thoroughly investigated. ΦTE was also
determined for the bilayer structure and the optimum geometry of the bilayer
was applied to the plastic PET substrates, where the mechanical flexibility was
investigated and compared with conventional ITO. An additional ultrathin Ni
was then added to the bilayer structure to build and OPV cell which performed
similarly to those incorporating ITO.

Figure 6.1: Transparency spectra of Ag(11)/AZO(d) bilayer structure with dif-
ferent thicknesses (d) of AZO capping layer.

6.2 Implementation

The bilayer structure of AZO capped Ag nano-thick film (Ag/AZO) was pre-
pared onto 1 mm-thick silica substrates by means of magnetron sputtering
(ATC Orion 8 HV). Ag was deposited in pure Ar atmosphere while AZO (Al 3
at% doped) was deposited in a mixture of Ar/O2 (flux ratio 9:1) at room tem-
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perature. Deposition rates were determined from the MCM thickness monitor
and cross-sectional SEM observation. For a brevity, we denote the different
samples with different layer thickness of Ag and AZO as: Ag(d1)/AZO(d2),
in which d1 and d2 represent the respective thickness of Ag and AZO. The
deposition of Ag and AZO was done in one single run without breaking the
vacuum. A Perkin Elmer lambda 950 spectrophotometer was used for optical
transmission measurements while Cascade Microtech 44/7 S 2749 four-point
probe system with a Keithley 2001 multimeter for electrical RS measurements.
The morphology of the fabricated films was characterized with the digital in-
strument D3100-AFM and FEI-SEM. A humidity chamber Vötsch VCL 7003
was used for the damp heat (DH) test in the standard conditions with 85% rel-
ative humidity and at 85 ºC. After adding by sputtering an ultrathin Ni layer,
the developed TEs were used as anode electrodes in OPVs with the following
structure: Anode/MoO3(5 nm)/ID345:C60(1:1,35 nm)/C60(25 nm)/Bphen(5
nm)/Ag(100 nm).

6.3 Experimental results and analysis

Sahu et al. [88] reported a nanoscale Ag on the top of the AZO layer with
an attempt to increase the electro-optical properties, in which the AZO thick-
ness was fixed at 25 nm while Ag thickness varied from 4 to 13 nm. It was
found that the nanoscale Ag could apparently reduce the optical transparency,
with a maximum transparency of 66% recorded. It is worth noting that the
nanoscaled Ag ultrathin films are very unstable and begin to degrade rapidly
in the air. In an effort, to stabilize the high conductive Ag layers and improve
their optical properties, we covered the Ag layer with an AZO layer. In or-
der to obtain the optimal thickness for the AZO capping layer in the bilayer
structure, we carried out calculations based on MFMR model as discussed
in Section 4.3. Figure 6.1 shows the calculated optical transparency of the



92 6.3. Experimental results and analysis

Figure 6.2: Visible optical transparency as a function of RS for Ag(d)/AZO(30)
and Ag(11). The data for ITO, Ag nanowires, SWCNT and graphene are also
shown for a comparison.

Figure 6.3: Transparency spectra for ITO, Ag (11)/AZO(30) and Ag(11) in the
visible light region.
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Ag/AZO bilayer structure, in which the thickness of Ag layer is fixed as 11
nm. It is seen that the optical transparency of the Ag layer can be greatly im-
proved by a thin AZO capping layer. The maximum transparency peak shows
an apparent red-shift with the thickness variation in the capping AZO layers.
It is observed that the optimal thickness for the AZO capping layer is in the
range of 30-40 nm, in which the average visible optical transparency exhibits
the maximum value.

Figure 6.4: ΦTE for Ag(d)/AZO(30). Φ1 to Φ4 identify the ΦTE values for ITO,
Ag nanowires, SWCNT, and graphene, respectively.

Figure 6.2 compares the performance of Ag/AZO bilayer structure alongside
ITO (100 nm), Ag nanowires, SWCNT and graphene film, all of them consid-
ered alternative TEs of TCOs. It is observed that the conductivity behavior
of the Ag/AZO bilayer structure is mainly dominated by the underlying ul-
trathin Ag layer when it becomes continuous (thickness >7 nm). It has to
be mentioned that the AZO capping layer has very high resistivity due to its
deposition at room temperature and O2 atmosphere. The AZO layer acts as
a index matching layer which enhances the transparency without contributing
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to the cinductivity of the bilayer structure. For example, if we take a look
at the sample properties of Ag(11) (denoted as the red point in Fig. 6.2)
and Ag(11)/AZO(30), the RS for the two samples shows very close values,
but for the latter sample, the average visible-optical-transparency is notice-
ably enhanced from previously 60.5% to 86.83%. The transparency spectra
comparing ITO, Ag (11)/AZO(30) and Ag(11) in the visible light region is
shown in Fig. 6.3. It is seen that the spectrum of Ag (11)/AZO(30) shows a
broaden bandwidth and an apparent red-shift with respect to that of Ag(11),
which exhibits reasonable consistenty with the calculations.

Figure 6.5: Opto-electrical improvement of Ag(δ)/AZO(30) samples after fur-
nace annealing at an elevated temperature of 500 ºC for a dwelling time
of 60 min. Inset graph shows the RS evolution with furnace annealing for
Ag(11)/AZO(30).

As mentioned earlier (Section 4.3), the ΦTE is conventionally used to evaluate
the performance of TEs, where the RS and optical transparency are both
considered and evaluated. More recently, researchers have used the ratio of
DC conductivity and optical conductivity (σDC/σOP ) as an effective way to
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compare the various TEs in terms of their performance [95]. The ratio is
related to transparency and RS as T = (1 + (Z0/2RS)(svDC/svOP ))−2, where
Z0 is the impedance of the free space and has the value of 376.8 W. High
values of svDC/svOP implies high transparency and low RS. We took the average
transparency in visible range (375-700 nm) rather than taking it for a particular
wavelength for all samples for better evaluation of ΦTE. For a TE having
an average transparency > 90% and RS <10 Ω/�, the value of ΦTE is ≈
350, which can be viewed as the benchmark for TE applications. Figure 6.4
shows the calculated ΦTE values for Ag/AZO bilayer structure alongside ITO
(100 nm), Ag nanowires, SWCNT and graphene film. It is seen that the
Ag(11)/AZO(30) exhibits the maximum ΦTE value of about 450, which is much
better than ITO and Ag nanowires. Due to the relatively high RS, graphene
and CNT both show very low ΦTE values. Guillen et. al. [96] achieved the
highest ΦTE in a sandwich ITO/Ag/ITO structure by using Ag film thickness
of 10 nm, which gives a good agreement with our experimental result.

The environmental stability of the prepared TEs based on Ag(δ)/AZO(30)
was also evaluated using both furnace annealing at an elevated temperature
of 500 ºC and 7-day standard DH test. In Fig. 6.5, it is clearly observed
that annealing process can lead to slight improvement in both electrical and
optical properties, which can be explained in terms of crystallinity and mi-
crostructure enhancement with increasing temperature [97]. It is found that
the RS improvement shows saturation after about 300 ºC, as can be typically
represented by the sample of Ag(11)/AZO(30) in Fig. 6.5 inset. The standard
DH test also shows the relatively high environmental stability of our TEs.
The samples were kept at 85% relative humidity and at 85 ºC and their elec-
trical and optical properties were measured every 24 hours. It is found that
the Ag(11)/AZO(30) sample can maintain their opto-electrical properties after
the DH test for one week. The stability can be evaluated by the relative slope
variation in RS as already mentioned in Section 4.3. One can readily assess



96 6.3. Experimental results and analysis

a high stability of the Ag(11)/AZO(30) sample (Fig. 6.6). Afterwards, its
surface morphology deteriorates with emerging of some droplet-like spots with
random distribution on the sample circumference originating from the edges.
This is due to the penetration of the water vapor from the unprotected edges
of the sample at elevated temperature, since it is well known that the pure
Ag ultrathin films are very sensitive to atmosphere, and even degrade rapidly
when just exposed to ambient atmosphere. It is believed that when properly
encapsulated within a device structure the proposed TE can withstand much
longer duration of DH conditions.

Figure 6.6: AFM images of Ag(11)/AZO(30) samples on glass (top) and PET
(bottom).

As the electrode in device application, the transparent conducting layer should
have a flat and uniform surface morphology. We characterized the samples
prepared on glass and PET with the help of AFM. Ag(11)/AZO(30) samples
on glass and PET shows RMS roughness of 2.47 nm and 2.68 nm respectively
over an area of 1 µm square (Fig. 6.6), which evidences the flatness and
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uniformity of the surface.

Figure 6.7: RS evolution with the standard DH test for Ag(11)/AZO(30).

Flexible electronics, such as thin film transistors, flexible solar cells, flexible
OLEDs, printable electronics etc., has attracted intense investigation due to
the merits like low cost, light weight and superior flexibility [98, 99]. As an
indispensible component in flexible electronics, it has become extremely im-
portant for TE to retain their electrical and optical properties after undergoing
multiple bending. To evaluate the flexibility of the proposed Ag/AZO bilayer
structure, we fabricated several samples on PET substrates with the best film
geometry of Ag(11)/AZO(30) and put them to undergo tensile bending from
a radius of 12 mm to 4 mm as described in Section 5.3. The results were
again then compared to state-of-art 100 nm-thick ITO which was commercially
bought. It has been observed that the electrical properties of Ag(11)/AZO(30)
are very stable even after 104 bending cycles while the RS of ITO increases
to 1580% after 20 such cycles as mentioned in Chapter 4. In the case of
Ag(11)/AZO(30), ductile Ag conductive layer beneath the AZO in our pro-
posed structure helps in retaining the electrical properties after bending [100].
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Figure 6.7 shows the SEM images of the ITO and Ag(11)/AZO(30) films be-
fore and after bending test. Cracks were formed in the case of ITO as it can
be seen in Fig. 6.7 while no observable degradation in surface morphology is
found in the case of Ag(11)/AZO(30).

Figure 6.8: SEM images of the ITO and Ag(11)/AZO(30) films before and af-
ter bending. (a) ITO, before bending; (b) ITO, after 20 bending cycles; (c)
Ag(11)/AZO(30), before bending; and (d) Ag(11)/AZO(30), after 104 bending
cycles.

6.4 Performance in an OPV device

The best structure Ag(11)/AZO(30) were then used to fabricate OPV cells.
1 nm-thick nickel is added to enhance the work function and stability of the
Ag/AZO anode [101]. The electrical characterization data comparing the per-
formance of devices incorporating Ag/AZO/Ni and ITO anodes are reported
in Table 6.1. The values for open circuit voltage (VOC) and fill factor (FF) for
Ag/AZO/Ni and ITO devices are practically the same. The main difference
between the devices is in the short-circuit current density (JSC). However, the
device incorporating an Ag/AZO/Ni anode shows about 90% of the efficiency
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of that incorporating ITO.

JSC

(mA/cm2)

VOC

(mV)

FF

(%)

PCE

(%)

Ag(11)+AZO(30) -6.6 760 53 2.6

ITO -7.3 760 53 2.9

Table 6.1: List of electrical characterization data for the OPV devices comparing
developed bilayer electrode with ITO.

6.5 Conclusions

TE structures made of Ag/AZO films on glass or PET substrates were prepared
by DC magnetron sputtering at room temperature. The thickness of the AZO
layer is optimized to maximize the antireflection effect. It is found that 30 nm-
thick AZO on the top of Ag can greatly enhance the optical transparency. The
dependence of electrical and optical properties of the bilayer Ag/AZO structure
as a function of Ag thickness is studied. It is found that Ag(11)/AZO(30)
has a figure-of-merit larger than other TEs, such as ITO, single wall carbon
nanotubes, graphene and Ag nanowires. The proposed electrodes are stable
against elevated temperature (500 ºC) and damp heat conditions (85 ºC and
85% relative humidity). After adding Ni to increase the work function, the
Ag/AZO/Ni electrode on PET was used as an anode in an organic solar cell
achieving more than 90% of the efficiency of a similar device incorporating
ITO. The RS of the proposed electrode remains unchanged after 104bending
cycles while its surface does not show any sign of cracking after 104 bending
cycles. On the contrary ITO on PET shows an exponential increase in RS and
surface cracking only after 20 cycles. Considering also its low cost and the
room temperature processing, the developed TEs have great potential for the
flexible optoelectronics industry.





Chapter 7

Ultrathin metal capped

Al-doped ZnO as transparent

electrode

7.1 Motivation

The rising cost and problems associated with ITO has led to a search for alter-
nate TEs. Other TCO materials are being widely developed and in particular
Al-doped ZnO (AZO) has received great attention in the recent years and has
been considered as a promising alternative to ITO [13, 12, 15]. This mate-
rial is particularly interesting because of its low cost and wide availability of
its constituent raw materials. In Chapter 6, we have shown that a thin thin
layer of AZO can be combined with silver to make promising TEs. However,
the environmental stability of AZO films is still an unsolved problem, leading
to significantly increased electrical resistivity and surface degradation when
the AZO is exposed to harsh environment (e.g., humidity damping). This
drawback prevents AZO films to be deployed in real applications that require
long-term reliability of the devices. Therefore, great effort has been dedicated
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to improve the environmental stability of AZO thin films [102, 103]. Miyata
et al. [102] pointed out that oxygen might be responsible for the degradation
of electrical properties during thermal annealing in air. Greiner et al. [105]
showed that the surface morphology plays an important role in AZO envi-
ronmental stability, while Lin et al.[103] observed a degradation in electrical
conductivity, but negligible change in optical properties. Up to now, the ma-
jority of the research works have targeted composition modification as well as
crystalline quality control to stabilize AZO [104, 105, 106].

The present work aims to provide the AZO electrodes with more transparency,
stability, protection and compatibility with the environment. In this chapter,
we investigate the environmental stability of AZO thin films and report an
effective approach to enhance it. By adding an ultrathin Ni capping layer with
a thickness in proximity of its percolation threshold (2.5 nm thickness), the
environmental stability of AZO thin film is greatly enhanced, as it is shown
via damp heat (DH) tests at 95 ºC and 95% relative humidity. The developed
Ni capped AZO TE is then used as an anode in OLEDs and OSCs, showing
performance similar to those of ITO-based devices.

7.2 Implementation

AZO thin films with thicknesses of 30 nm and 250 nm, named as AZOS and
AZOL, respectively, and Ni layer with different thicknesses were deposited by
sputtering on optically polished UV fused silica substrates. Prior to the de-
position, the substrates were cleaned in standard way as mentioned in Section
2.2. The sputtering target used was Zinc Oxide target 3 at% doped with Al.
AZO films were prepared with a substrate temperature of 200 ºC, power 150
W, and a pure Ar working pressure of 1-1.5 mTorr. Nickel was deposited at
100 W DC power in pure Ar atmosphere of 1.5 mTorr. The electrical RS

was measured by Four point Probe (Cascade Microtech 44/7S) while for the
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transmission spectra, Perkin Elmer Lambda 950 spectrophotometer was used.
A humidity chamber Votsch VCL 7003 was used for the DH test in harsh
conditions of 95 ºC and 95% relative humidity. The surface morphology was
characterized by atomic-force-microscope (AFM) and optical interferometry
(Veeco Wyko 9800NT). Work function of the films was evaluated by ambient
scanning Kelvin probe microscopy with gold as a reference electrode. Conven-
tional X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
were used for identifying crystal structure and elemental composition, respec-
tively.

7.3 Experimental results and stability analysis

Figure 7.1: RSt
3 versus t for the determination of percolation threshold.

There are already some reports on the combination of metal and TCOs as
TEs. Recently, Bernede et al. deposited a very thin metal layer (0.5-1.5
nm), preferably 0.5 nm, on the top of TCO to improve their functionality
[101]. It is found that such an UTMF improves the device performance due to
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the better matching of energy levels between the TE and organic layer which
in turn implies lower injection barrier. However, in the case of capping the
TCO with a metal layer, too thick metal capping layer would lead to large
light absorption while too thin metal layer would be prone to formation of
discrete island-like morphology, thus resulting in an incomplete protection of
the underlying AZO against the environment or detrimental interaction with
the other layers forming the device. Therefore, it is intuitive that the optimum
thickness of the metal capping layer should be around its percolation threshold,
i.e., the thickness corresponding to which the layer morphology changes from
an island distribution to a continuous layer. The percolation threshold can
be estimated by plotting the RSt

3 versus t as also described in Section 4.3.
Figure 7.1(a) shows this plot for Ni layer, indicating a percolation threshold
between 2 and 3 nm. Another way of inferring the percolation threshold is
to use the F-S model (described in Section 2.5.1), which for a continuous and
uniform thin film defines the relationship between thickness (t) and resistivity
(ρf ). Figure 2.7 in Chapter 2 shows the experimental data for Ni films fitted
with F-S model. From the fitting curve, it is observed that the F-S model can
predict the resistivity of Ni layer very well up to approximately 2.5 nm. The
experimental resistivity value of 2 nm-thick Ni shows a clear deviation from the
corresponding fitting data, indicating that a Ni layer with a thickness less than
2.5 nm is no longer continuous and uniform. It is interesting to note that the
resistivity evolution of Ni layers with varied thickness on insulating ZnO/glass
shows the same trend, indicating that the percolation threshold for the room-
temperature deposited Ni layers on glass can be applicable to AZO/glass. The
aforesaid analysis indicates that the percolation threshold for Ni layer (tP ) is
about 2.5 nm. For a thickness less than tP island-like structures will form. We
thus name NiP and NiI for the Ni layers with thicknesses tP and less than tP ,
respectively.

It is worth noticing that the optical transmittance of Ni layers depends strongly
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Figure 7.2: Average optical transparency for Ni films with varied thickness.

on their thickness, as shown in the Fig. 7.2. In order to recover the trans-
parency, all the AZO/Ni samples were then in situ treated in O2 plasma.
Apart from the transparency recovery, the O2 plasma also has the role of en-
hancing the surface work function through the Ni oxide formation [107]. The
resulting work function values were measured 4.75 eV and 5.34 eV for AZO
and AZO/Ni_TR (where TR denotes treatment with O2 plasma), respectively,
thus confirming a significant enhancement. The oxygen plasma and thermal
treatment can be combined to obtain improved results.

In order to investigate the transparency of AZO/Ni samples, we calculated the
transmission of our films based on a multilayer stacked structure by solving
the Fresnel equations, the matrix formalism described in Section 4.3. Fig-
ure 7.3 (a) shows the results of the theoretical calculation for the three layer
AZO/Ni/NiO structure on fused silica glass substrate, alongside with the ex-
perimental data of AZO, AZO/Ni(2.5)_TR, and AZO/Ni(2.5). There is a good
agreement between the calculated and experimental data for the structure. As
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Figure 7.3: (a) Theoretical calculation of the three layer AZO/Ni/NiO stacks
on fused silica substrates alongside with the experimental data of pure AZO,
AZO/Ni(2.5), and AZO/Ni(2.5) _TR, (b) XPS spectrum of the structure
AZO/Ni(2.5)_TR showing the presence of metallic Ni.
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Figure 7.4: Correlation of properties of AZOL and AZOL/NiP films with DH
test time (a) electrical (b) average optical transmittance
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it is predicted by the calculation, the formation of Ni oxides can effectively
raise the transparency of AZO/Ni(2.5) samples. It is pointed out that the
presence of the remaining Ni, even though in minimum quantity is essential
for ensuring that the oxidation treatment will not influence the interface be-
tween AZO and Ni. The O2 plasma treatment was thus optimized so that the
AZO/Ni(2.5)_TR samples can maintain the interface integrity while exhibit-
ing high transparency. From Fig. 7.3(a), it is seen that the calculated curve of
AZO/Ni(0.5)/NiOX(2) is close to the experimental data of AZO/Ni(2.5)_TR,
thus indicating that the remaining Ni thickness (0.5 nm) is close to that of the
unit-cell dimension (about 0.35 nm). The X-ray photoelectron spectra (XPS)
analysis of our samples have also shown the presence of metallic Ni (852.9 eV)
on the surface of AZO/Ni(2.5)_TR, after removal of the top layer of oxidized
Ni by Ar+ sputtering (Fig. 7.3(b)).

Figure 7.5: (a) Typical optical micro image for AZOL and AZOL/NiP samples
before DH test and (b) for AZOL after a 30 day DH test, (c) and (d) are the
AFM images (scanning area of 10 µm × 10 µm) for AZOL/NiP and AZOL

after the DH test respectively.

For the experiments, we fabricated and measured the following samples: AZOL



Chapter 7. Ultrathin metal capped Al-doped ZnO as transparent electrode 109

(250 nm), AZOL/NiP (250 nm/2.5 nm-oxidized). Figure 6.4 shows the DH test
results for AZOL and AZOL/NiP samples. It is clearly seen that AZOL/NiP
sample shows electrical properties more stable than those of AZOL, with a RS

value still below 24 Ω/� after 30 days (Fig. 7.4(a)). Moreover, as it can be
seen in the Fig. 7.4(b), the average optical transmittance in the 375-700 nm
wavelength range for AZOL/NiP remains unchanged- in fact it even increases
slightly due to additional oxidation of the remaining Ni while that of AZOL

strongly decreases. The surface morphology of AZOL and AZOL/NiP samples
was also characterized by optical interference microscopy. Before the DH test,
a typical image for both samples is featureless (Fig. 7.5(a)). After 30-day DH,
the surface morphology of AZOL/NiP remains almost unchanged while that
of AZOL shows spikes and droplet-like spots distributed in a random manner
(Fig. 7.5(b)). The morphological degradation of AZOL is likely to be inti-
mately correlated with hydrolysis-induced corrosion process occurred possibly
at the grain boundaries. The RMS roughness values for as-deposited AZOL

and AZOL/NiP are about 3.18 nm and 2.33 nm, respectively. Furthermore,
the surface morphology of AZOL and AZOL/NiP samples after the DH test
was also characterized by AFM, as it is shown in Fig. 7.5(c) and (d). The
AZOL sample shows a very rough surface with a RMS roughness value greater
than 100 nm while the AZOL/NiP sample exhibits an almost unchanged sur-
face roughness compared to as deposited value. This indicates that deposited
Ni capping can provide a dense, uniform, and smoothing protective layer to
avoid any surface degradation during DH test. From the above results, one
can conclude that oxidized Ni capping layers with appropriate thickness can
effectively increase the environmental stability of AZO films and strongly re-
duce otherwise unavoidable degradation in surface morphology, electrical, and
optical properties.

Miyata et al. [102] reported that AZO layers with a thickness below 50 nm were
very unstable even when exposed to air at room temperature for a long time.
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Figure 7.6: (a) Polar figure for the thermal stability of the samples, the horizon-
tal axis (θ=0) corresponds to ideal stability and (b) RS changes with DH test
time (red column: 24 h and green column: one week) for different samples.
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The adsorption of oxygen at grain boundaries was found to be responsible for
the degradation. Therefore, to further elucidate the role of NiP , environmen-
tal stability tests of AZOS, AZOS/NiI , and AZOS/NiP samples, where the
thickness of AZO is approximately 30 nm, NiP is 2.5 nm, NiI is 1 nm, was
investigated under both thermal annealing and DH conditions. The stability
after thermal annealing can be evaluated by the relative slope variation in RS

with j = 0 corresponds to ideal stability. One can readily assess a much higher
stability of AZOS/NiP over AZOS and AZOS/NiI samples (Fig. 7.6(b)). NiI
capping layer cannot cover the entire surface and thus AZOS/NiI shows an in-
ferior stability, but due to the presence of the Ni island formation, the stability
in this case is still better than AZOS. The DH test further evidences the best
stability for AZOS/NiP sample (Fig. 7.6(a)).

Figure 7.7: XRD profile for AZO grown on glass showing highly crystalline
structure, inset is the scan for the AZO (002) peak.

From Fig. 7.7 one can see that the AZO film grown on glass shows a textured
structure with a very strong preferential alignment of AZO(002), in which
the full width at half maximum (FWHM) for AZO(002) is only 0.34º. The
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average grain size is calculated to be around 35 nm using Scherrer formula. The
calculated grain size is much higher than reported in literature confirming the
better quality of deposited AZO [108]. The degree of out-of-plane alignment
is evaluated by a ω scan (rocking curve for the AZO (002) peak), as it is
shown in the inset of Fig. 7.7, the FWHM for it being 4.8o. It is believed
that the textured crystalline structure of our AZO films plays a decisive role
in enhancing their environmental stability.

7.4 Performance in OLED and OPV devices

In collaboration with Stephanie Cheylan and Danny Krautz (ICFO), as de-
posited AZO and AZOL/NiP were used, instead of ITO, as a transparent hole-
injecting electrode for bottom polymer LEDs. Standard architecture of the
diodes used for the study was: Anode/PEDOT:PSS/PFO/CaAg. Poly(phenylenevinylene)
copolymer (SY), commercially available from Merck, was dissolved in toluene,
stirred overnight and filtered before being spin-coated onto the PEDOT-PSS
layer for a thickness of around 80 nm. Ca and Ag are sequentially thermally
evaporated (< 5 × 10−6 mTorr) onto the emitting layer using shadow mask.

Work function

(eV)

JSC

(A m−2)

VT H/VmaxLce

(V)

Lum

(cd m−2)

AZOL 4.75 7930 6/23 120

AZOL/NiP 5.3 7930 4.6/11.2 145

ITO 5 7930 4.6/10.2 150

Table 7.1: Performance data of the OLED devices with ITO and AZO based
electrodes

For comparison, commercially available ITO (100 nm and 17-21 W/�) was used
to realize the same device architecture. The AZOL/NiP anode based device
shows an equivalent performance to the ITO-based one. The enhanced device
performance based on AZOL/NiP anode is related to a significant improvement
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in the injection of charges due to a better work function matching at the anode-
organic interface.

In addition, in collaboration with the Organic Nanostructured Photovoltaics
group in ICFO, the developed TE was also used to make OPVs. We found that
the AZOL/NiP can both act as anodic TE and hole transporting layer (HTL)
for bulk-heterostructure OPVs at the same time. The fabricated OPV cell
has the following configuration: TE/P3HT:PCBM/LiCoO2/Al, in which the
AZOL provides the dominant electrical conductivity while the top NiP works
as an excellent work function matching layer, an HTL, as well as a protective
layer for the underlying AZO.

JSC

(mA cm−2)

VOC

(mV)

FF

(%)

PCE

(%)

AZOL/NiOX -7.50 485 25 0.91

AZOL/NiP -8.29 472 60 2.36

ITO/NiOX -10.62 520 59 3.25

Table 7.2: Performance data of the OPV devices with ITO and AZO based
electrodes

The OPV cell based on AZOL/NiP reaches 73% of the efficiency of an ITO
based structure which has an additional NiOX film on top of it as hole trans-
porting layer. As mentioned earlier, there is an ultrathin Ni interlayer re-
maining after the O2 plasma treatment for AZOL/NiP . In order to investigate
the role of the remaining Ni interlayer, we fabricated an OPV cell with the
following architecture: AZOL/NiOX/P3HT:PCBM/LiCoO2/Al, in which the
NiOX layer was sputtered from a NiO sintered ceramic target and deposited
on AZOL. The IV curve shows an S-shaped feature which could be due to the
energy barrier for carrier extraction inside the interfaces of OPV cell. From
these studies, it is clear that such a barrier is present between AZO and NiOX ,
possibly related to the difference in work function (4.75 eV for AZO eV and
5.4 eV for NiO). It is expected that the final device performance can be further
improved by optimization of the device stack.
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7.5 Conclusions

In summary, an ultrathin Ni capping layer with a thickness at percolation
threshold can significantly stabilize an underlying AZO layer in harsh envi-
ronment. The underlying AZO dominates the electrical conductivity while
the top Ni/NiO works as an excellent work function matching layer, an hole
transporting layer, as well as a protective layer for the underlying AZO. The
proposed capping layer acts as a blocking layer to inhibit the penetration of
oxygen and water at the grain boundaries of AZO. The bilayer transparent
electrode shows electro-optical performance similar to ITO when used as an
anode in OLED devices and has been effectively used as a versatile transparent
electrode acting as both anode and HTL layer in an OPV cell.

The present approach can be extended to other TCOs such as FTO, GZO
and TTO for their environmental stability and functional improvement. On
the other hand, other metal capping layer such as Ti instead of Ni can also
be used which may in turn can act as hole blocking layer (HBL) for organic
electronic devices. The scheme can also be applied with the protective layer
is coated both below and top of the TCO. This particular arrangement can
be very critical for plastic substrates which absorb a substantial amount of
moisture and potentially leads to the degradation of conducting layer.



Chapter 8

Summary and future outlook

Inexpensive, low temperature processable and flexible TEs are essential for
the functionality of energy efficient optoelectronic devices, such as OPV cells,
OLEDs, and displays. The main limitations of the currently used TEs, includ-
ing ITO, are related to their high cost, low compatibility with active organic
materials and poor mechanically flexibility. This thesis has investigated the
properties and applicability of UTMF based TEs, showing that they are an
effective and viable alternative to ITO for the optoelectronics industry.

The main outcomes of the work include:

• The investigation of the optical response from the UV to the mid-infrared
region of single component Ni and Cr based UTMFs, showing that the
optical transmission of the deposited films is comparable to that of ITO
in the visible and near-infrared range (0.4–2.5 µm), while it can be signif-
icantly higher in the ultraviolet (175–400 nm) and mid-infrared (2.5–25
µm). This characteristic makes them ideal TE candidates for UV pho-
todiodes, UV LEDs, solar cells for space satellites, and IR pyroelectric
detectors.

• An innovative technique to make the UTMF based TEs environmentally
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stable. The oxidation mechanism, which is a major concern for metal
films, can be in fact exploited to achieve stable films. With an appropriate
temperature cycle in the presence of oxygen, a protective oxide layer on
top of the metallic film is produced, which prevents further oxidation of
the underneath metal.

• An innovative TE structure, incorporating an ad hoc conductive grid,
which can significantly reduce the sheet resistance of UTMF based trans-
parent electrodes, leaving practically unchanged their transparency. By
employing this design, the sheet resistance of a continuous 2 nm Ni film
was reduced from >950 W/� to 6.5 W/� while the transparency was
maintained at values exceeding 75%. The design allows going beyond the
current trade-off between optical transparency and electrical conductivity
of continuous metal based TEs.

• The combination of different UTMFs into the same TE structures, for
example, ultrathin Cu films and Cu-Ag alloys capped by a Ti or Ni layer.
These TEs show excellent stability against temperature and oxidation
and present also the appropriate work function. The performance of Cu-
Ni and Ag-Cu alloy-Ni based TEs has been investigated in devices like
OLEDs and OSCs, achieving conversion efficiencies around 3% which is
comparable to those of devices using ITO.

• The development of bilayer doped metal oxide/metal (AZO capped Ag
nano-thick film) which can overcome the high reflection of metals and re-
tain their good electrical behavior, while still keeping the minimum total
film-thickness. Electrical and optical properties as well as the environ-
mental stability of the doped metal oxide/metal bilayer structure were
theoretically and experimentally studied. In an attempt to make a hy-
brid TE, UTMF capping layer were also successfully utilized for stability
improvement of AZO. It was found that an ultrathin oxidized Ni capping
layer with a thickness at percolation threshold greatly enhances the stabil-
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ity of AZO layer in harsh environment without affecting the electro-optical
properties. It has been also verified that the combined structure can act
both as anode and hole transporting layer, the latter property generally
achieved by depositing another layer during the device fabrication.

Although this thesis has contributed to the foundation of a novel class of
transparent electrode materials and showed their effective incorporation into
OLEDs and OSCs, there still remain significant developments before UTMFs
have a widespread use in optoelectronic applications.

An area of high interest is widening the applications beyond OLEDs and OSCs,
including flat-panel rigid displays for TV screens, tactile displays for smart-
phone and tablets, and sensors. For this purpose, the performance obtained
on glass rigid substrates should also be achieved on flexible plastic sheets, such
as PET and PEN, this being crucial for a low cost roll-to-roll production. For
example the UTMF combined with the grid concept offers great margin of
improvements together with mechanical flexibility by choosing new material
combinations.

A disadvantage of using polymeric substrates is that they absorb a substantial
amount of moisture which eventually penetrates through the film and poten-
tially leads to the degradation of UTMFs. This is a difficult problem to be
solved and substantial efforts are needed to develop effective barrier layers,
which can enhance the stability as well as the adhesion of the UTMFs without
compromising their flexibility.

Besides the aforementioned UTMF with grid structure especially suitable for
flexible transparent electrodes, the developed UTMF technology can be com-
bined with other ITO alternatives, including CNT, graphene or metallic nano-
wires, to achieve improved electro-optical performance and stability. From
a material perspective the substrate will also play a significant role in the
future. Depositing UTMF atop of nanostructured substrates could further
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enhance their properties, particularly with regard to hydrophobicity and self
cleaning characteristics.


