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KURZBESCHREIBUNG i

Kurzbeschreibung

Diese Arbeit beschreibt die Verwendung von thermisch nachbehandeltem Aluminium-

dotiertem Zinkoxid (ZnO:Al) als Frontkontakt in Tandem-Dünnschichtsolarzellen, welche auf

amorphem Silizium (a-Si:H) und mikrokristallinem Silizium (µc-Si) basieren. In vorangegan-

genen Studien wurde entdeckt, dass sich die opto-elektronischen Eigenschaften von ZnO:Al

(insbesondere die Mobilität) durch Tempern unter einer Deckschicht aus a-Si:H bei Tempera-

turen von bis zu 650 ◦C wesentlich verbessern lassen. Zunächst wurde dieser Prozess auf die

Solarzellenentwicklung am PVcomB übertragen. Darüber hinaus wurde der Effekt in einer

systematischen Studie mit Hinblick auf die Anwendung in Tandem-Solarzellen weitergehend

untersucht. Hierfür wurde sowohl von einem Industriepartner bereitgestelltes, als auch in

unserem Haus entwickeltes, DC-Magnetron gesputtertes ZnO:Al verwendet. Es wurden prin-

zipiell zwei Vorgehensweisen etabliert: (1) Eine Verbesserung der Transparenz des ZnO:Al’s

bei konstanter Schichtdicke und gleichbleibendem Schichtwiderstand und (2) eine Minimie-

rung der ZnO:Al-Schichtdicke bei gleichbleibendem Wirkungsgrad. Mit dem ersteren Ansatz

konnten Zell-Wirkungsgrade von bis zu 12.1 % (nach Lichtalterung) erreicht werden. Darüber

hinaus konnten serienverschaltete Mini-Module mit einem Wirkungsgrad von 11.6 % (nach

Lichtalterung, apert. area) gezeigt werden. Der zweite Ansatz erlaubte vorerst eine Verringe-

rung der ZnO:Al Schichtdicke von 820 auf 550 nm ohne Wirkungsgradeinbußen. Für dünnere

ZnO:Al Schichten wurden mikro-texturierte Glassubstrate verwendend, da die geringe ZnO:Al

Schichtdicke keine ausreichende Texturierung durch Ätzen erlaubt. Das Licht-Management in

Tandem-Solarzellen, welche auf solchen Substraten basieren, wurde detailliert untersucht. Mit

diesem Ansatz konnte anhand von Mini-Modulen gezeigt werden, dass die Verwendung von

thermisch nachbehandeltem ZnO:Al selbst für 100 nm dünne Schichten keinen signifikanten

Wirkungsgradverlust im Vergleich zu einer Referenz verursacht.



ii ABSTRACT

Abstract

This thesis describes the implementation of thermally treated aluminum-doped zinc oxide

(ZnO:Al) as front electrode (transparent conducting oxide, TCO) in thin-film silicon tandem

solar cells based on amorphous silicon (a-Si:H) and microcrystalline silicon (µc-Si:H). In

previous studies it was found that the opto-electronic properties of ZnO:Al (i.e. mobility) are

fundamentally improved upon annealing at temperatures up to 650 ◦C when capped with an

a-Si:H layer. First of all, this process was scaled and technologically implemented in the solar

cell development at PVcomB. Afterwards, this phenomenon was further investigated in a

systematic study with focus on application in tandem solar cells. DC-sputtered ZnO:Al both

from an industrial supplier and in-house developed have been used. Generally, two routes were

identified: (1) Improving the transparence of the ZnO:Al while maintaining the thickness and

sheet resistance and, (2), minimizing the TCO thickness, thereby, maintaining cell efficiency.

The first approach led to tandem cells with highest conversion efficiency, reaching 12.1 % (after

light soaking). Moreover, series connected mini modules with 11.6 % (after light soaking,

apert. area) were demonstrated. The second approach first allowed to reduce the ZnO:Al layer

thickness from 820 to 550 nm while maintaining efficiency. For thinner ZnO:Al layers micro-

textured glass was used as substrate, since small ZnO:Al thickness did not allow to sufficiently

texture the surface by etching. Light management in tandem solar cells based on such front

electrode systems was investigated in detail. With this approach it was demonstrated in

mini modules that an annealed ZnO:Al layer as thin as 100 nm did not result in significant

efficiency loss compared to the reference.



CONTENTS iii

Contents

Kurzbeschreibung i

Abstract ii

List of Figures v

List of Tables viii

1 Introduction 1

2 Fundamentals 4

2.1 Transparent Conductive Zinc Oxide . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Crystallographic Structure . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.2 Doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.3 Electronic Transport . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.4 Charge Carrier Scattering Processes . . . . . . . . . . . . . . . . . . . 8

2.1.5 Optical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Si-based Thin-film Solar Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.1 Si based Materials for Thin-film Solar Cells . . . . . . . . . . . . . . . 20

2.2.2 Basic Description of opto-electric Solar Cell Properties . . . . . . . . . 22

2.2.3 Light Trapping in Si-based Thin-film Solar Cells . . . . . . . . . . . . 25

2.2.4 Advanced Device Concepts . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Experimental Details 31

3.1 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.1.1 The Glass Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.1.2 Reactive MF-Magnetron Sputtering of SiOXNY Layers . . . . . . . . . 31

3.1.3 DC-Magnetron Sputtering of ZnO:Al Layers . . . . . . . . . . . . . . . 33

3.1.4 Wet-chemical Texture-Etching . . . . . . . . . . . . . . . . . . . . . . 35

3.1.5 Thermal post-Deposition Treatment . . . . . . . . . . . . . . . . . . . 37

3.1.6 PECVD Processing of Si-based Thin-film Cells . . . . . . . . . . . . . 38

3.1.7 Laser Scribing, Back Contact Deposition and Device Annealing . . . . 40

3.2 Characterization Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.2.1 Electronic Characterization of ZnO:Al . . . . . . . . . . . . . . . . . . 42

3.2.2 Optical Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2.3 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.4 Solar Cell Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46



iv CONTENTS

4 Post-deposition Thermal Treatment of sputtered ZnO:Al 50

4.1 State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2 Systematic Variation of Film Thickness and Annealing Conditions . . . . . . 51

4.2.1 Characterization of the ZnO:Al Layers in the as-deposited State . . . 51

4.2.2 Electronic Properties after Thermal Treatment . . . . . . . . . . . . . 55

4.2.3 Mechanism of Thermal Treatment . . . . . . . . . . . . . . . . . . . . 57

4.2.4 Optical Properties after Thermal Treatment . . . . . . . . . . . . . . . 58

4.2.5 Technological Evaluation of the Results . . . . . . . . . . . . . . . . . 62

4.3 Interdependence of Annealing and Texture Formation . . . . . . . . . . . . . 67

5 Analysis of a Light Coupling related Artifact in EQE Data 72

5.1 Description of the Discrepancy . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.2 Considerations on the Root Cause . . . . . . . . . . . . . . . . . . . . . . . . 72

5.3 The Concentric Cell Experiment . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.4 The Large Area Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6 Application of annealed ZnO:Al to a-Si:H/µc-Si:H Solar Cells 80

6.1 Annealing and the ZnO:Al/p-layer contact . . . . . . . . . . . . . . . . . . . . 80

6.2 Improving the opto-electronic Properties of conventional ZnO:Al Layers . . . 85

6.3 Thin, highly conductive ZnO:Al Electrodes . . . . . . . . . . . . . . . . . . . 90

6.4 Limitations for textured ZnO:Al . . . . . . . . . . . . . . . . . . . . . . . . . 92

6.5 Utilization of micro-textured Glass Substrates . . . . . . . . . . . . . . . . . . 94

6.5.1 Surface morphology and ZnO:Al film growth . . . . . . . . . . . . . . 95

6.5.2 Light scattering and opto-electronic properties of the ZnO:Al . . . . . 100

6.5.3 Application to solar cells . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.6 Application of a textured Front Cover . . . . . . . . . . . . . . . . . . . . . . 119

7 Achievements in Si-based Thin-film Cells and Modules 125

7.1 High Efficiency Tandem Cells and Modules . . . . . . . . . . . . . . . . . . . 125

7.2 Mini Modules on very thin, cap-annealed ZnO:Al layers . . . . . . . . . . . . 126

8 Conclusions and Outlook 128

References I

List of Publications X

Acknowledgements XII



LIST OF FIGURES v

List of Figures

2.1 Crystallographic structure of ZnO . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Exemplary transmittance, reflectance and absorptance of a typical ZnO:Al film

on glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Schematic band structure of a degenerate semiconductor . . . . . . . . . . . . 14

2.4 Schematic drawing of an a-Si:H/µc-Si:H-based thin film cell . . . . . . . . . . 19

2.5 Absorption coefficient and penetration depth of c-Si, a-Si:H and µc-Si:H . . . 20

2.6 Equivalent circuit for the one-diode model . . . . . . . . . . . . . . . . . . . . 23

2.7 Illuminated J-V characteristic of a representative a-Si:H/µc-Si:H tandem cell 24

2.8 External quantum efficiency and total absorption of a representative a-Si:H/µc-

Si:H tandem cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.9 Haze and total transmittance for ZnO:Al layers on glass with moderate and

rather strong texture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.10 TEM image of a µc-SiOX layer grown on top of a-Si:H. . . . . . . . . . . . . . 29

3.1 Transmittance of the glass types used as substrates. . . . . . . . . . . . . . . 32

3.2 Schematic drawing of the sputter process. . . . . . . . . . . . . . . . . . . . . 34

3.3 Optical properties of the two types of ZnO:Al commonly used . . . . . . . . . 36

3.4 Haze of the two types of ZnO:Al commonly used . . . . . . . . . . . . . . . . 37

3.5 Schematic cross section of a PECVD chamber. . . . . . . . . . . . . . . . . . 39

3.6 Stepwise illustration of the monolithically interconnection . . . . . . . . . . . 41

3.7 Measurement configurations of the photo spectrometer . . . . . . . . . . . . . 44

3.8 Spectral distribution of solar irradiance . . . . . . . . . . . . . . . . . . . . . 47

3.9 Light induced degradation as a function of light soaking time for several a-

Si:H-based devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.1 Transmittance, reflectance and absorptance of ZnO:Al films with different

thickness on SiOXNY coated glass. . . . . . . . . . . . . . . . . . . . . . . . . 52

4.2 Electronic properties of ZnO:Al layers in the as-deposited state as a function

of layer thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3 XRD data (θ − 2θ spectra) of 358 and 692 nm thick ZnO:Al films on SiOXNY

coated glass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.4 XRD derived position and FWHM of the ZnO (002)-reflex for different film

thickness before and after annealing . . . . . . . . . . . . . . . . . . . . . . . 54

4.5 Mobility as a function of charge carrier density for ZnO:Al films of different

thickness and for different thermal treatments . . . . . . . . . . . . . . . . . . 55

4.6 Absorptance of characteristic ZnO:Al films with respect to their annealing

procedure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59



vi LIST OF FIGURES

4.7 Absorptance of characteristic annealed ZnO:Al films with respect to their sheet

resistance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.8 Conductivity of annealed ZnO:Al films on SiOXNY coated glass as a function

of their solar weighted effective absorption coefficient. . . . . . . . . . . . . . 64

4.9 Implied photo current density loss in an a-Si:H/µc:Si-H tandem cell due to

absorption in the front contact . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.10 SEM images and AFM topography scans of annealed, textured ZnO:Al for

different sequences according to tab. 4.1. . . . . . . . . . . . . . . . . . . . . . 69

4.11 Height and inclination distribution of surface topography of textured ZnO:Al

achieved by different sequencing . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.1 Correlation of tandem cell current density obtained from EQE and J-V mea-

surements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5.2 Illustration of the optical collection losses related to small spot illumination . 74

5.3 EQE of concentric a-Si:H/µc-Si-H tandem cells illustrating the lateral light

scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.4 EQE derived current density of concentric a-Si:H/µc-Si-H tandem cells as a

function of cell width . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.5 EQE data of 1×1 cm2-sized a-Si:H/µc-Si-H tandem cells derived from a small

beam and a large area setup for different front textures . . . . . . . . . . . . 78

6.1 Influence of the capping/decapping process on the EQE data of a-Si:H/µc-Si:H

tandem cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6.2 Influence of different ZnO:AL surface treatments on the EQE data of a-

Si:H/µc-Si:H tandem cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.3 Transmittance, reflectance and absorptance of ZnO:Al layers with and without

2-step annealing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

6.4 EQE and 1−R of cells, and transmittance and absorptance of the correspond-

ing flat ZnO:Al layer with and without 2-step annealing. . . . . . . . . . . . . 88

6.5 EQE and 1-R of an a-Si:H/µc-Si:H tandem cell on thin textured, cap-annealed

ZnO:Al . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6.6 Statistical analysis of the surface topography of wet-chemically etched ZnO:Al

films with different initial film thickness. . . . . . . . . . . . . . . . . . . . . . 92

6.7 Surface topography of micro-textured glass. . . . . . . . . . . . . . . . . . . . 96

6.8 Exemplary line profile of surface topography of micro-textured glass. . . . . . 97

6.9 Height and inclination distribution of surface topography of micro-textured glass. 98

6.10 Haze and total transmittance of micro-textured glass and textured ZnO:Al

layers on planar glass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100



LIST OF FIGURES vii

6.11 EQE and 1−R of an a-Si:H/µc-Si:H tandem cell on micro-textured and planar

glass, and on textured ZnO:Al. . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6.12 IQE and diffuse and specular reflectance of an a-Si:H/µc-Si:H tandem cell on

micro-textured glass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

6.13 EQE and 1−R of an a-Si:H/µc-Si:H tandem cell on micro-textured glass and

on similarly textured ZnO:Al. . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.14 Schematic drawing indicating the impact of using textured glass on the light

coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.15 EQE, 1−R and IQE for a-Si:H/µc-Si:H tandem cells with differing interme-

diate reflector layer thickness. . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.16 Quantitative analysis of optical changes introduced by the intermediate reflec-

tor layer for different front texture/electrode types expressed in terms of photo

current density. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.17 J-V data of a-Si:H/µc-Si:H tandem cells with different front texture/electrode

types and varying IRL thickness before and after 1 week of light soaking . . . 117

6.18 Photo current densities of a-Si:H/µc-Si:H tandem cells with different front

texture/electrode types and varying IRL thickness as derived from J-V and

EQE measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.19 Photograph of a model of a surface element of the textured front cover illus-

trating retro-reflective light trapping . . . . . . . . . . . . . . . . . . . . . . . 120

6.20 EQE and 1−R of an a-Si:H/µc-Si:H tandem cell on micro-textured glass with

and without textured front cover. . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.21 Internal quantum efficiency of an a-Si:H/µc-Si:H tandem cell on micro-textured

glass with and without textured front cover. . . . . . . . . . . . . . . . . . . . 122

6.22 EQE derived photo current densities of a-Si:H/µc-Si:H tandem cells with dif-

ferent front texture/electrode types and varying IRL thickness with and with-

out front texture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

7.1 External quantum efficiency and J-V curve of the a-Si:H/µc-Si:H tandem cell

with the highest stabilized efficiency among all cells made at PVcomB so far. 126



viii LIST OF TABLES

List of Tables

3.1 Basic properties of the glass types used as substrate. . . . . . . . . . . . . . . 32

3.2 Main features of the sputter processes commonly used for ZnO:Al deposition 35

3.3 Electronic properties of the two types of ZnO:Al commonly used . . . . . . . 36

3.4 PECVD sequence and main process parameters for standard a-Si:H/µc-Si:H

device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1 Processing sequences used for etching and annealing of ZnO:Al . . . . . . . . 68

4.2 J-V data of a:Si:H/µc-Si:H tandem cells deposited on textured, 2-step annealed

ZnO:Al achieved by different sequences . . . . . . . . . . . . . . . . . . . . . . 71

6.1 Influence of the capping/decapping process on the J-V -data of a-Si:H/µc-Si:H

tandem cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6.2 Influence of different ZnO:AL surface treatments on the J-V -data of a-Si:H/µc-

Si:H tandem cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.3 Electronic properties, derived from Hall-measurements, of 816 nm thick, non-

texturized industrial ZnO:Al for different annealing states. . . . . . . . . . . . 86

6.4 J-V parameters for cells on as-deposited and 2-step annealed, textured ZnO:Al

films. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6.5 J-V parameters of an a-Si:H/µc-Si:H tandem cell on thin, textured, cap-

annealed ZnO:Al and on standard textured ZnO:Al. . . . . . . . . . . . . . . 91

6.6 Electronic properties of thin ZnO:Al layers on micro-textured and planar glass

before and after cap-annealing. . . . . . . . . . . . . . . . . . . . . . . . . . . 102

7.1 J-V parameters of the particular a-Si:H/µc-Si:H tandem devices with the high-

est stabilized efficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.2 ZnO:Al layer properties, cell width and J-V parameters of single cells for a-

Si:H/µc-Si:H tandem mini modules on micro-textured glass. . . . . . . . . . . 127



1 INTRODUCTION 1

1 Introduction

Over the past 30 years thin film silicon solar cells have been widely used in various applications

from consumer electronics to large power plants. They have been very attractive due to the

mature manufacturing process and equipment as well as the use of silicon as material, which

is well known, available and eco-compatible. Low production costs have been the major

driver to develop this technology further. The limited conversion efficiency, however, is a

severe drawback, hindering this development. Particular in the case of Si-based thin-film

solar cells, high efficiencies are closely related to innovative light management concepts. This

thesis deals with processes and materials to improve the light management and facilitate to

increase conversion efficiency.

In 1969 Chittick was the first, who deposited hydrogenated amorphous silicon a-Si:H layers

in a glow discharge process using silane [1]. Six years later Spear and Le Comber observed

that such layers can be effectively doped n-type and p-type by, respectively, blending small

portions of phosphine and diborane to the silane [2,3]. These results pioneered the application

of such layers to semi-conductor devices. The first p-i-n type a-Si:H solar cells was presented

by Carlson et al., in 1977 [4]. A similar history can also be found for hydrogenated micro-

crystalline silicon (see ref. [5]).

Around the same time that Carlson showed the first a-Si:H p-i-n cell Redfield [6] proposed

a design for thin film cells that makes use of light trapping. Experimental validation of such

concepts followed soon [7, 8]. For the introduction of light scattering into Si-based thin-film

cells transparent conducting oxides (TCO) with a rough surface have been established. In

1999 Löffl and Kluth presented a way to introduce texture to sputter deposited Al-doped

zinc oxide (ZnO:Al) layers by wet-chemical etching [9, 10]. Such textures showed good light

trapping properties, when used as a substrate in a-Si:H and µc-Si:H solar cells. In 2007

Berginski et al. [11] showed that the photo current density of µc-Si:H solar cells can be

significantly increased by a reduction of the charge carrier density within the textured ZnO:Al

layer used as front electrode. This is a direct consequence of lower free carrier absorption.

But, it also led to an increased resistive loss in the ZnO:Al layers. This demonstrates the

transparency-conductivity trade-off, which is always present in TCOs, when applied to solar

cells.

In the same year Lee and Ruske et al. [12] reported on an improvement of the charge carrier

mobility of a ZnO:Al layer that was capped with an intrinsic a-Si layer and subsequently

annealed for 24 h at 600 ◦C. Further experiments demonstrated that this effect can be used

to achieve significant increase in mobility from around 40 cm2

Vs (initial) up to 67 cm2

Vs after

treatment [13]. Later on, a preceding annealing without capping layer was added to the

procedure [14]. This allowed to tune the charge carrier density while the mobility remained

at high levels. In other words: This 2-step annealing relaxes the transparency-conductivity
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trade-off and allows to tune the balancing of this two quantities to different needs. With

respect to Si-based thin film cells, it seems that this treatment of ZnO:Al layers provides a

versatile tool to improve cell performance. This needs to be proven and further developed.

The aim of this thesis is to evaluate the benefits of ZnO:Al annealing by applying it to

ZnO:Al based front electrodes for a-Si:H/µc-Si:H tandem cells. For this purpose we will focus

on the following aspects.

Annealing and texture formation Up to now the annealing procedure was only applied

to non-textured ZnO:Al layers. But for application to cells the presence of a light scattering

texture is crucial. Therefore, we will investigate how the annealing can be combined with the

wet-chemical etching used for texture formation. This point is adressed in sec. 4.3.

Annealing and the ZnO:Al/p-layer contact The TCO/p-layer contact is known to

be a crucial interface in a-Si:H based solar cells. In sec. 6.1 the reasons for this will be

briefly introduced and discussed in the context of ZnO:Al annealing. First, the influence of

the capping/decapping process will be experimentally observed based on cell results. After-

wards, different surface treatments will be applied to cap-annealed ZnO:Al layers prior to cell

depositon.

Application to conventional ZnO:Al layers In sec. 6.2 the results of our first succes-

ful utilization of 2-step annealed ZnO:Al to a-Si:H/µc-Si:H tandem cells are presented and

discussed.

Variation of ZnO:Al layer thickness and annealing conditions In sec. 4.2 the results

of a systematic variation in ZnO:Al layer thickness and annealing conditions are presented.

One aim of this experiment was to study a comprehensive set of data for the application in

solar cells and modules. For this purpose the data was presented and discussed in terms of

two different figures of merit. The variety of data was also used to identify general trends

with respect to the annealing conditions. This provides valuable indications on the underlying

doping mechanisms.

Cells on thin, highly conductive ZnO:Al layers In sec. 6.3 we utilize the high conduc-

tivity achieved by annealing to reduce the ZnO:Al layer thickness. With further reduction of

the ZnO:Al film thickness we observed a limitation to this approach, which was due to lower

light scattering for thinner ZnO:Al layers. The results of this observation are presented in

sec. 6.4.
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Micro-textured glass substrates In sec. 6.5 an alternative way to introduce light scat-

tering by a textured glass is evaluated.
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2 Fundamentals

In this section the theoretical and physical fundamentals of this work are presented. In sec. 2.1

the basic properties of transparent conductive zinc oxide are introduced with a scope on

its opto-electronic application. The crystallographic structure, doping, electronic transport

and its limitation by various charge carrier scattering mechanisms as well as the optical

properties and its relation to the electronic properties via the dielectric function, ε, are

described. Section 2.2 is dedicated to the properties and working principle of thin film solar

cells based on hydrogenated amorphous silicon (a-Si:H) and hydrogenated microcrystalline

silicon (µc-Si:H). A short introduction to the general description and rating of a solar cell is

provided. Afterwards, the introduction of light management concepts in Si-based thin film

cells is motivated and common ways for its realization are presented. In a last section the

state of the art and some advanced concepts related to this thesis are presented.

2.1 Transparent Conductive Zinc Oxide

Most transparent materials are electric insulators. Conversely, metals commonly show high

conductivity, but at the same time practically have no transparency. However, transparent

conducting oxide (TCO) materials can be very transparent in the visible (and near infrared)

spectral range and at the same time show an excellent conductivity. For comparison, the room

temperature resistivity of Ag is 1.6·10−6 Ωcm [15] whereas the lowest reported values for TCO

films are in the order of 10−4 Ωcm [16]1. These combined opto-electronic properties made

TCOs highly interesting for various applications, such as flat panel displays, touch screens

and solar cells. Beside some bulk single crystals used in basic research, poly-crystalline thin

films of TCO are best investigated and by far mostly used in technical applications. An

overview on different thin film TCOs can for example be found in the review of Exarhos and

Zhou [16] and the references therein.

2.1.1 Crystallographic Structure

Generally ZnO exhibits the hexagonal wurtzite structure, which consists of two interpenetrat-

ing hexagonal close-packed structures one occupied by zinc and the other by oxygen atoms.

The according unit cell is depicted in fig. 2.1. Each atom is bound in tetrahedral configuration

to four atoms of the respectively converse kind. The wurtzite structure has polar character,

i.e. it lacks inversion symmetry, in [001]-direction. In consequence ZnO shows piezo- and

pyro-electric activity and comprises polar surfaces, i.e. it is Zn-terminated on (001)-surfaces

1To be precise the lowest resistivity published so far for a ZnO:Al-film is ρ = 8.5410−5 Ωcm (µ = 47.6 cm2

Vs

and ne = 1.54 · 1021 cm−3) and was obtained by magnetic field assisted pulsed laser deposition (PLD) from a
ceramic ZnO target with an effective Al2O3-doping of 1.8 at.% [17].
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Figure 2.1: Schematic drawing of the common ZnO crystal structure (wurtzite structure).
Zn- and oxygen-atoms are depicted in grey and yellow, respectively. The grey and yellow
shaded are as depict the tetrahedral coordination of zinc (by oxygen) and oxygen (by zinc),
respectively. Note the opposite orientation of the corresponding tetrahedrons (a consequence
of the polarity along [001]-direction).

and O-terminated on (001̄)-surfaces. The lattice constants of ZnO are a = 0.325 nm and

c = 0.5207 nm [18].

2.1.2 Doping

In TCOs the presence of a high energetic band gap (Eg ' 3.2 eV) leads to transparency in the

visible to near infrared (NIR) spectral region. At the same time TCOs can be heavily doped,

hence exhibit a high charge carrier concentration up to 1.5 · 1021 cm−3 [19]2. The doping

can be realized by intrinsic point defects (intrinsic doping) or the admixture of dopants

(extrinsic doping). In the case of zinc oxide the intrinsic doping is realized via the formation

of unoccupied oxygen sites (oxygen vacancies) or zinc atoms located in between regular lattice

sites (metal interstitials). Both point defects contribute two electrons to the valence band,

thus introduce n-conduction. The intrinsic doping level can be adjusted by controlling the sub-

stoichiometry of oxygen3. This can be achieved either by tuning the oxygen partial pressure

during the material preparation or by a post-deposition reduction of the oxide, e.g. annealing

in vacuum or a hydrogen containing atmosphere [19]. With this doping method resistivities

below 5 ·10−4 Ωcm have been achieved in RF-sputtered poly-crystalline ZnO-films [22]. With

respect to technical application the intrinsic doping exhibits two major drawbacks. First, the

typically achieved conductivity is several times lower compared to that obtained by extrinsic

doping. Furthermore, the intrinsic doping is only metastable. This is due to the reversibility of

the oxygen sub-stoichiometry especially at elevated temperatures [19,23]. Therefore, extrinsic

2A carrier concentration of 1.5 · 1021 cm−3 corresponds to dopant concentration of 3.6 at.% with respect
to the metallic cations in the case of ZnO:Al. Higher dopant concentrations gradually lead to formation of
Al-sub oxides, which act as scattering centers and hence hinder the carrier transport [20,21].

3Zinc oxide tends to grow in a sub stoichiometric regime with respect to oxygen.
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doping is preferred in nowadays application of zinc oxide (as for other TCOs, like indium and

tin oxide). For ZnO typical dopants are Group III elements, like boron, aluminum, gallium

and indium. Built in on zinc sites they act as a shallow defect contributing one electron to

the valence band4. The role of hydrogen in acting as a dopant has also been widely discussed

in literature [25,26].

2.1.3 Electronic Transport

The generally high density of donor states in n-type TCOs like doped ZnO leads to a shift

of the Fermi level towards the conduction band. For very high doping levels the Fermi

level lies within the conduction band and the TCO becomes a degenerate semiconductor. In

this case no additional activation energy is needed to excite electrons into the conduction

band. The carrier concentration needed for degeneracy (ndeg) can be estimated with the

Mott-criterion [27]

n
1/3
dega0 ≈ 0.25

where a0 is the effective Bohr radius

a0 =
4πεrε0~2

m∗e2
.

This yields ndeg ≈ 3.5 · 1018 cm−3 in the case of ZnO (m∗ = 0.28 ·me and εr = 8.75 taken

from ref. [21]). Thus, ndeg is one to two orders lower than ne in typical doped ZnO films for

opto-electronic application and hence such films are degenerate. In other words the electrons

can be treated as free5 and the Drude theory [28], commonly used to describe the interaction

of free electrons with electric fields in metals, can also be applied to those (degenerate) ZnOs.

In the Drude model the interaction of the ensemble of free electrons with an external

electric field ~E = ~exE0 is described by the equation of motion

m∗
d2x

dt2
+
m∗

τ

dx

dt
= −e ~E (2.1)

for a single charge carrier, where τ is the mean time between two scattering events or re-

laxation time. The movement of the charge carrier in the electric field is hindered by the

scattering events. For constant electric fields eq. (2.1) can be solved for the stationary case6,

4There are also other dopants leading to carrier concentrations in the order of 1020 cm−3. An overview is
given by Minami in [24]

5The term ”free” points at the parabolic dispersion relation (E ∝ k2) of the electrons at the lower edge of
the conduction band. All effects of the crystal structure on the electrons are accounted for in the effective
electron mass approximation.

6The scattering term in eq. (2.1) can be interpreted as a classical friction term with the friction coefficient
m∗

τ
. In the stationary case the friction force just cancels out the Coulomb force introduced by the electric

field. Hence, no net force is applied to the electron and it conserves its actual state of movement, i.e. d2x
dt2

= 0.
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which yields the constant drift velocity

~vd =
dx

dt
=

eτ

m∗
~E = µ~E . (2.2)

The factor of proportionality between ~E and ~vd is called charge carrier mobility

µ =
eτ

m∗
. (2.3)

Based on eq. (2.2) and taking into account the density of charge carriers ne and their respective

charge the current density ~j caused by the ensemble of free charge carriers can be calculated

via

~j = −nee~vd = neeµ~E = σ ~E . (2.4)

Equation (2.4) represents Ohm’s law and the factor of proportionality σ between ~j and ~E is

called conductivity,

σ = neeµ . (2.5)

In the literature the use of resistivity

ρ =
1

σ
=

1

neeµ
(2.6)

is also very common. For technical application the sheet resistance

Rsh =
ρ

d
, (2.7)

where d denotes the thickness of the film, is of great interest. It is sometimes also denoted

as R� and can be derived from

R = ρ
l

b · d
, (2.8)

where l denotes the distance between two straight and parallel contacts (ranging over the

whole sample width) and b denotes the width of the rectangular shaped sample. In the case

of a square-shaped sample (l = b) the right sides of eq. (2.8) and eq. (2.7) become equal and

Rsh = R|l=b .

The definition of Rsh assumes that ρ and d are uniformly distributed over the whole sample.
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Combining eq. (2.6) and (2.7) yields

Rsh =
1

neeµd
. (2.9)

From eq. (2.9) it can be seen that there are three possibilities to decrease the sheet resistance.

Either charge carrier density, their mobility or the film thickness has to be increased. With

respect to the optical properties of a TCO these approaches have very different consequences,

as we will discuss later.

2.1.4 Charge Carrier Scattering Processes

In the following the different scattering processes, relevant for heavily doped poly-crystalline

ZnO:Al films at room temperature are briefly introduced. Each of these scattering processes

can be represented by an individual relaxation time τi. If the individual scattering mechanisms

are independent of each other, the total relaxation time τtotal results from Matthiesen’s rule

1

τtotal
=
∑
i

1

τi
(2.10)

and according to eq. (2.3) the total mobility is calculated in analogy

1

µtotal
=
∑
i

1

µi
. (2.11)

Ionized impurity scattering In literature it is widely agreed that ionized impurity scat-

tering (IIS) is the most important scattering mechanism in heavily doped TCOs [19,29–31], as

commonly used for technological application. This is due to the fact that IIS generally leads

to a considerable reduction in µ with increasing ne (i.e. density of ionized impurities, nii) and

hence is the limiting process with respect to achievable conductivity (cf. eq. (2.5)). In litera-

ture several analytical expressions can be found for describing the IIS related dependence of µ

on nii. Ellmer compared different approaches with experimental data obtained for ZnO (and

Si) [19]. He found that, among the theoretical expressions, the model based on the works of

Brooks, Herring and Dingle (B-H-D) [32,33]7 including a refinement for non-parabolic bands

by Pisarkiewicz et al. [35] showed the best agreement to the experimental data. However,

even this (best) fit could not explain the strong decrease of µ for ne > 1020 cm−3. A possible

explanation was given by taking into account impurity clustering as a statistical effect at very

high doping levels. This would yield clusters with a high charge number, Z, and therefore a

7The model of Brooks and Herring is based on an expression by Conwell and Weissskopf [34] describing IIS in
non-degenerate semiconductors using truncated Coulomb potentials of the ionized impurities. This approach
underestimated the mobilities. Brooks and Herring modified the expression for screening of the Coulomb
potentials by the ensemble of charge carriers and later Dingle adapted it for degenerate semiconductors.
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stronger scattering effect (cf. eq. (2.12)) [19]. In its general form the B-H-D expression can

be written as

µii(ne, nii) = µii0(ne)
ne

Z2nii
(2.12)

with Z being the charge number of the ionized impurity and

µii0(ne) =
3(ε0εr)

2h3

e3m∗2
· 1

FBHD
ii (ne)

(2.13)

and the screening function

FBHD
ii (ne) = ln(1 + ξ0(ne))−

ξ0(ne)

1 + ξ0(ne)
(2.14)

where

ξ0(ne) = (3π2)1/3 ε0εrh
2n

1/3
e

e2m∗
. (2.15)

The refinement of Pisarkiewicz [35] accounting for the non-parabolicity of the conduction

band is based on an electron dispersion

~2k2

2m∗0
= E + CE2

with m∗0, the effective mass at the bottom of the conduction band and C, the non-parabolicity

coefficient, yielding

m∗ = m∗0(1 + 2CE)

and by applying the Fermi-Dirac distribution

m∗ = m∗0

[
1 + 2C

~2

m∗0
(3π2ne)

2/3

]1/2

.

For the B-H-D formalism the non-parabolicity refinement leads to an expansion of the screen-

ing function eq. (2.14)8

F np
ii =

[
1 +

4ξnp

ξ0

(
1− ξnp

8

)]
ln(1 + ξ0)− ξ0

1 + ξ0
− 2ξnp

(
1− 5ξnp

16

)
(2.16)

with

ξnp = 1− m∗0
m∗

.

8Note that eq. (2.16) equals eq. (2.14) for ξnp = 0, i.e. conserved parabolicity.
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From eq. (2.12) it can be seen that for a given charge carrier density the highest mobility

(with respect to IIS) is reached for donors with Z = 1, as for instance in the case of AlZn.

The presence of any compensating acceptor states leads to a reduction of ne (trapping) along

with an increase in nii according to

ne = Zdnd − Zana and nii = nd + na (2.17)

and hence also lowers the mobility. This points out the detrimental nature of compen-

sation with respect to conductivity. Like other TCOs, ZnO shows a high tendency for

self-compensation. Therefore, the presence of compensating acceptors always needs to be

regarded9.

In ZnO Zn-vacancies and O-interstitials are the dominating acceptors. Both defects ex-

hibit Z = 2. Unfortunately, the B-H-D formalism, as presented in eq. (2.12) does not account

for multiple species of ionized impurities having different Z. However, Look et al. derived a

notation essentially based on eq. (2.17) and Matthiesen’s rule [29]:

µ−1
ii = µ−1

ii0

∑
i
Z2

d,ind,i +
∑
i
Z2

a,ina,i

ne
= µ−1

ii0

∑
i
Z2

d,ind,i +
∑
i
Z2

a,ina,i∑
i
Zd,ind,i −

∑
i
Za,ina,i

. (2.18)

This modified expression allows the application also to (partly) compensated TCOs regardless

of number and charge of ionized impurity species.

Grain boundary scattering Like most TCO films used for opto-electronic application,

ZnO films commonly exhibit a poly-crystalline morphology. This already implies the presence

of grain boundaries (GB). In the context of electronic transport a GB represents a quasi-two

dimensional disruption of the atomic structure accompanied by a corresponding change in

the local electronic configuration commonly described by the formation of a potential barrier.

In 1975 Seto proposed a one dimensional model describing the electronic transport through

GBs10 [36]. He assumed a geometry built up of grains with a constant lateral grain size,

l, interspersed by narrow regions, the GBs, having a considerable amount of trap states

(defects), represented by an interface density Qt . Charge carriers originating from the

intra-grain regions are trapped at the GBs. Due to band bending a potential barrier, Φgb,

accompanied by a depletion zone of width w = Qt/nd is formed. For low doping level (i.e.

nd < Qt/l) the whole grain is depleted. The barrier gets higher with increasing doping before

reaching a maximum at nd = Qt/l. After passing that point all trap states are occupied and

9At this point it is noteworthy that Ellmer disregarded the effect of compensating acceptors in his inves-
tigations [19], while it could also give a reasonable explanation for the mobility breakdown at high charge
carrier densities.

10Seto originally derived the model for Boron-doped p-type silicon.
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the depletion width and hence Φgb reduces for further doping:

Φgb =
e

8ε0εr
· ndl

2 for nd ≤ Qt/l

=
e

8ε0εr
· Q

2
t

nd
for nd ≥ Qt/l

(2.19)

In the case of ZnO, the interpretation of nd with respect to Seto’s model is not straight

forward. Due to its high tendency for self-compensation nd, the density of non-compensated,

ionized donor states or even more correctly the density of charge carries, whether trapped at

the GBs or not, is experimentally hard to obtain. Therefore, authors commonly refer to ne as

derived from Hall-effect measurements, instead (see for instance [37–39]). Since carriers are

trapped at the GBs, this approximation is strictly limited to nd � Qt/l. A fact sometimes

ignored by the authors. Moreover, the influence of additional intra-grain acceptor states on

nd depends on their energetic positions relative to that of the GB defect states and is hence

hard to estimate. In summary the Seto-model provides a simple quantitative description of

GB scattering, but care needs to be taken in its application to ZnO.

For thermionic emission the model yields a mobility,

µgb =
e · l

(2πm∗kT )1/2
e−

eΦgb
kT , (2.20)

for carrier transport across grain boundaries. For narrow barriers the probability for the

carriers tunneling through the barrier also becomes reasonable. However, since both the

width and height of the barrier scale with 1/nd, tunneling (field emission) was neglected

by Seto in application to p-type Si. Beside that there are some works on LPCVD-grown

ZnO also accounting for the contribution of tunneling with respect of transport across grain

boundaries [39–42]. This is of particular necessity when conducting temperature dependent

measurements of the electronic transport. In the room temperature regime it was found that

tunneling becomes the predominant effect for carrier transport across GBs for high boron-

doping (ne ≥ 1 · 1020 cm−3) in ZnO:B [40]. However, since electronic transport is no longer

limited by GB scattering but by IIS for such high doping levels, tunneling is not considered

in this work11. Thus, µgb as defined in eq. (2.20) has to be interpreted as a lower limit of the

GB contribution to µtot.

Phonon scattering At room temperature interaction of charge carriers with vibrational

modes of the crystal lattice (phonons) has to be considered both in polycrystalline material

and single crystals. In ZnO three phonon-related scattering terms are commonly accounted

[18,29]: (i) polar optical mode scattering, (ii) acoustic mode scattering and (iii) piezoelectric

11The presence of intra-grain compensating acceptors (not regarded in the aforementioned publications) is
believed to have a more dominant effect on the mobility - carrier density relation.
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mode scattering. Whereas (i) is related to interacting with vibrational polarization effects,

a specialty of polar semiconductors with partially ionic bonding, (ii) is due to scattering at

lattice deformations accompanied by a local shift of the band edges, caused by acoustical

phonons and (iii) is an interaction with the electric fields induced by acoustical phonons

in piezoelectric materials [18]. For ZnO the contribution of (ii) is minor compared to (i)

and (iii). All of these scattering mechanisms show temperature dependence and hence need

to be considered when temperature is varied. In contrast to that there is no (or little12.)

dependence on charge carrier density for phonon scattering. As all transport measurements

presented here are conducted at room temperature the approach of Ellmer [19] is adapted

who accounted for phonon related scattering by the constant contribution

µph(T = 300 K) = 210
cm2

Vs
. (2.21)

Additional scattering mechanisms, like neutral impurity scattering and dislocation scat-

tering, are rarely regarded as they are believed to have a minor impact in heavily doped

ZnO [37]. Therefore, with eq. (2.11) we get

1

µtot
=

1

µii
+

1

µgb
+

1

µph
(2.22)

expressing the theoretical mobility limit.

2.1.5 Optical Properties

When matter is exposed to an electro-magnetic field generally some interaction occurs. On

a phenomenological scale the interaction can lead to transmission and reflection at the inter-

face and absorption within the volume. All three phenomena are wavelength dependent and

commonly take place simultaneously to a certain extent. This extent is represented by the

transmittance (T ), the reflectance (R), and the absorptance (A) defined as the ratio of trans-

mitted, reflected and absorbed light intensity to the intensity of incident light, respectively13

Following from the principal of energy conservation

1 = A(λ) +R(λ) + T (λ) (2.23)

12The models taken in [18] don’t exhibit a dependence on ne, whereas the expressions used by Look et
al. [29] to describe acoustic and piezoelectric mode scattering show a moderate dependence on ne

13In the context of TCOs and its application to solar cells we are interested in a region of the electromagnetic
spectrum which is commonly referred to as optical part containing the ultra-violet (UV), visible (vis) and near
infra-red(NIR) light regime (altogether ranging approximately 200 nm < λ < 3000 nm or 4 eV > hν > 0.41 eV).
Therefore the term light is used equivalent to electro-magnetic wave in this work.
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must be fulfilled. The absorption of light propagating through a medium can be described

by the Lambert-Beer-law

Aint(x, λ) = 1− e−α(λ)x ←→ α(λ) = −1

x
ln (1−Aint(x, λ)) , (2.24)

where x is the distance passed by the light within the medium and α is the absorption

coefficient of the specific material. For a layer with thickness d the absorption coefficient can

be calculated from reflectance and transmittance by

α(λ) = −1

d
ln

(
T (λ)

1−R(λ)

)
. (2.25)

This expression also accounts for reflection at the interfaces of the layer and is thus more

relevant for practical use. It is equivalent to the right hand side of eq. (2.24) for x = d and

Aint = A/(1−R).

Figure 2.2 depicts the transmittance (T ), reflectance (R) and absorptance (A) of a repre-

sentative ZnO:Al film on glass. The film thickness of the ZnO:Al was determined by fitting

the optical model described in the course of this section to the T and R data measured by

a photo-spectrometer (cf. sec. 3.2.2) whereas A was derived from eq. (2.23). An obvious

feature are the oscillations in T and R between 350 nm and 1600 nm. They occur due to
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Figure 2.2: Transmittance (T ), reflectance (R) and absorptance (A = 1−R−T ) of a repre-
sentative ZnO:Al film of 668 nm thickness on glass as a function of wavelength. The spectral
regions of fundamental absorption (λ < 415 nm) and free carrier absorption(λ > 980 nm) as
well as the optical window region in-between, where A < 10 %, are indicated and separated
by the horizontal dashed lines. For orientation the top axis shows the corresponding photon
energy scale.
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interference effects within the ZnO:Al film. In contrast to that the absorptance shows no

oscillations . Except for long wavelengths (> 1700 nm) the reflectance stays below ≈ 12 %.

Regarding A (and T ) three regions can be distinguished (separated by the dashed lines).

Below 415 nm A raises for shorter wavelengths within few 10 nm from 10 to more than 85 %.

This is the absorption due to excitation of electrons from the valence band into the conduc-

tion band, the so called fundamental or band-to-band absorption. Accordingly the position

of this edge (on the photon energy scale) represents the optical band gap energy. In fig. 2.3

the corresponding band structure is depicted. For degenerate semiconductors the bottom of

the conduction band is filled with charge carriers. Hence, as electrons can only be excited to

empty states the optical band gap energy evolves with the charge carrier density. This effect

is known as Burstein-Moss-shift (fig. 2.3(b) ). It is counteracted by a band gap narrowing

due to exchange interaction of the electron ensemble and due to ionized impurity scatter-

ing (fig. 2.3(c) ). However, in the case of degenerate ZnO:Al the Burstein-Moss-shift is

predominant and the optical band gap energy increases with increasing charge carrier den-

sity [43]. Coming back to fig. 2.2, above 415 nm the ZnO:Al film exhibits an absorptance well

below 10 % and a transmittance above 80 %. This region of high transmittance is called the

optical window and is a feature of interest with respect to the application of TCOs. In the

NIR region above 980 nm the absorptance increases (transmittance decreases) again until a

maximum is reached at approximately 1700 nm. This is related to collective oscillations of

the free carrier ensemble, which are referred as so called plasmons. This type of absorption

is accordingly referred to as free carrier absorption (FCA). For even longer wavelengths A

decreases again while R raises and T approaches 0 %.

Figure 2.3: Schematic band structure according to Sernelius et al. [43] for (a) an undoped
semiconductor, (b) a degenerate semiconductor including the Burstein-Moss-effect and (c)
the same with additional band gap narrowing (see text). Figure taken from Berginski [44].

A theoretical description of the propagation of electro-magnetic waves (including the

interaction with matter) is provided by Maxwell’s equations. For the purpose of describing
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the interaction of light, (i.e. an electro-magnetic wave in the optical regime) with a TCO

some simplifying assumptions can be made. First, in the optical regime magnetic interaction

and hence current induction can be neglected (j = 0). Further, the material can be regarded

as isotropic. Under this circumstances the interaction of an electromagnetic plane wave

~E(t) = ~exE(t) = ~exE0e
−iωt (2.26)

with matter yields the displacement field

~D = εε0
~E = ε0

~E + ~P , (2.27)

where ε0 is the electric field constant, ~P is the polarization of the material and ε is the

dielectric function of the material. In other words, the presence of the material (instead of

vacuum) is regarded by introducing ε, which is a complex number14 and generally exhibits a

frequency dependence

ε(ω) = ε1(ω) + iε2(ω) (2.28)

and is related to the complex index of refraction, ñ, by

ñ = n+ iκ =
√
ε , (2.29)

where n denotes the real-valued index of refraction, i.e. n = c/vmedium , and κ is called

extinction coefficient accounting for the absorptive loss. Thereby, the absorption coefficient,

α, used in eq. (2.25) can be expressed as

α =
2κω

c
. (2.30)

In order to describe the optical properties of ZnO:Al over a wide spectral range (typically

300 to 2500 nm as presented in fig. 2.2) we need to handle the particular contributions of the

different effects to ε. This can be easily done by introducing the concept of susceptibility χ

ε = (1 + χ) . (2.31)

With that eq. (2.27) can be written as

~D = ε0
~E(1 + χ) and ~P = ε0χ~E . (2.32)

14Generally the dielectric constant is a tensor, but as we assumed isotropy it can be treated as a scalar.
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For the purpose of this work the expression

ε = ε∞ + χBG + χFC , (2.33)

with the contribution of the band gap (χBG) and the free carriers (χFC) is sufficient [45]. ε∞

is a constant positive real number containing contributions related to higher energies (shorter

wavelengths)15 [46]. For the description of the band gap and the free carrier contributions

we will follow the approach of Pflug et al. [45]. A very detailed derivation and description of

this optical model, also in the context of sputtered poly-crystalline ZnO(:Al) films on foreign

substrates, is given by Greiner [47]. A Leng-oscillator [48] is used to described χBG. Despite

its abstract nature, this oscillator provides good fit results and its calculation is very time

saving with respect to numerical fitting16. The free carrier contribution χFC is represented

by a modified Drude term. The Drude-model already used to describe the interaction

of stationary electric fields with the free charge carriers (sec. 2.1.3) can also be solved for

electro-magnetic plane waves as defined in eq. (2.26). Setting

x(t) = x0e
iωt (2.34)

Equation (2.1) can be rewritten as

−m∗ω2x0e
iωt − iωm∗τx0e

iωt = −eE0e
i~k~x−iωt . (2.35)

The resulting oscillation of a single electron shows the amplitude

x0 =
eE0

m∗ω2 + iωm
∗

τ

(2.36)

and introduces the dipole moment

p(t) = −ex(t) .

Together with eq. (2.26) and (2.36) the polarization resulting from the collective oscillation

of the ensemble of electrons is

P (t) = nep(t) = −e
2ne

m∗
· 1

ω2 + i 1
τ ω

E(t) . (2.37)

15The susceptibility of an oscillator approaches a constant positive real number far away from the resonance
[38].

16Details on the Leng-formalism and its application to χBG for ZnO can be found, e.g. in [38,47].
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Comparing this to eq. (2.32) we can write

χFC = −
ω2

p

ω2 + iωωτ
, (2.38)

with ωp and ωτ being the plasma frequency and the damping frequency, respectively:

ω2
p =

e2ne

ε0m∗
and (2.39)

ωτ =
1

τ
=

e

m∗µ
(with eq. (2.3)). (2.40)

It is known, that this classical Drude formalism is not sufficient for the description of heavily

doped TCOs. This was for instance discussed by Hamberg and Granqvist in the case of

ITO [49]. They observed a reduction of ωτ for ω > ωp. This is in accordance with a theoretical

work by Gerlach [50] utilizing the energy-loss method to describe the IIS of electrons. This

theory was applied to ITO in [49] and later on also to ZnO:Al [46].

To circumvent the rather complex numerical nature of these formalisms, Pflug et al.

suggested a simple and hence, easy computable empirical approximation [45]:

ωτ (ω) = f(ω)ωτ0 + (1− f(ω))ωτ1

(
ω

ωtr

)s

(2.41)

with

f(ω) =

[
1 + e

ω−ωtr
γtr

]−1

.

This extended Drude model exhibits the additional parameters ωτ1, ωtr, γtr and s representing

the damping frequency in the frequency dependent regime, transition frequency, transition

band width and scattering exponent, respectively. For low frequencies, this model approx-

imates the classical Drude model. The scattering exponent is related to the predominant

scattering mechanism and generally set to −3/2 in this work, representing IIS.

The whole model is implemented in the software environment RIG-VM, which was used

for fitting the optical properties of the ZnO:Al layers to the measured reflectance and trans-

mittance data. The algorithm is based on the transfer matrix method. In order to extract

the above mentioned parameters for the ZnO:Al film, the complete sample stack (cf. sec. 3.1)

needs to be modelled. This was realized by assuming half-space of air (ñair = 1), the glass

substrate with its known thickness and experimentally determined values of ñ in tabulated

form, the SiOXNY layer with variable thickness and experimental determined values of ñ rep-

resented by a third order Cauchy-term, the ZnO:Al described by the above described model
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(eq. (2.33)) and again half-space of air. The layers have been treated as coherent, whereas

the glass (and the air) where assumed to be incoherent. Moreover, a surface roughness with

variable thickness at the ZnO:Al/air interface was allowed. Its physical description is based

on the effective medium approach suggested by Bruggeman [51].

2.2 Si-based Thin-film Solar Cells

The term thin-film solar cells already points at the low thickness of these devices being only

0.5 to 5µm compared to ≈ 160µm for conventional wafer-based crystalline Si-solar cells.

Si-based thin film solar cells can be divided into two groups.

One group is based on poly-crystalline silicon on glass (poly-Si). As this cell type is not

discussed within this work, only a very brief introduction is given in the following. The basic

idea behind these cells is to use cheap and fast techniques for depositing a precursor material

(usually comprising poor device quality) and convert it via post-deposition processing into a

poly-crystalline phase with high device quality comparable to that of Si-wafers used in con-

ventional solar cells. Despite the potential for high conversion efficiencies, there are still some

challenges to overcome with that concept. Depending on the specific processes involved those

issues are mainly attributed to high temperatures, interface passivation and implementation

of a device structures. With that concept the devices are usually prepared in p-n (or n-p)

configuration. Several contributions giving an overview on the technological realization as

well as the status and potential of this approach were recently published [52–54].

The approach used within this work is based on hydrogenated amorphous and/or hy-

drogenated microcrystalline silicon. Thereby, the materials are deposited in device quality,

directly. For this purpose, chemical vapor deposition (CVD) techniques are predominantly

used. By using silane (SiH4) assisted by adding H2 as the fundamental precursor gases,

CVD allows the essential incorporation of atomic hydrogen (cf. sec. 2.2.1) during the growth

process even at rather low substrate temperatures. The energy needed to decompose the

precursors is supplied rather by a plasma (plasma enhanced CVD, PECVD) or by a heated

filament (hot wire CVD, HWCVD). Among those two techniques only PECVD has reached

industrial relevance, up to now. An introduction to the particular PECVD processes used

for growing the cells presented in this thesis is given in sec. 3.1.6.

These directly grown cell types are usually configured as a p-i-n or n-i-p structure (with

respect to the deposition sequence), where the doped layers introduce an internal field across

the intrinsic absorber layer in order to increase the carrier collection. This is also often referred

to as a drift driven device. Stacking two or more of such devices with different band gaps of

the particular i-layer allows a better utilization of the solar spectrum [55]. For instance, it is

a common technique to use a top cell and a bottom cell based on hydrogenated amorphous

silicon (a-Si:H) and hydrogenated micro-crystalline silicon (µc-Si:H), respectively [56].
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Figure 2.4 shows the schematic structure of such a tandem device. The sun light enters

the cell through the glass. The transparent front TCO (≈ 500 nm of ZnO:Al, in our case)

contacts the cell and exhibits a texture that introduces light scattering (sec. 2.2.3). The short

wavelength light (λ / 600 nm) is mainly absorbed in the top cell. For longer wavelengths the

a-Si:H gets increasingly transparent and hence allows absorption of the remaining light in the

bottom cell. A back reflector is placed at the back of the cell which reflects the light which

is not absorbed during the first pass through the cell and at the same time constitutes the

back side electrode (back contact). In our case, the back reflector was built up of a double

layer of 80 nm ZnO:Al and 200 nm Ag. The typical thickness of the particular silicon layers

is 10 to 30 nm for the doped (p and n) layers, and 250 and 2000 nm for the intrinsic layer of

the a-Si:H top cell and the µc-Si:H bottom cell, respectively. Since the light absorbed in the

doped layers does not contribute to the photo current generation, they are kept as thin as

possible, whereas the i-layer thicknesses have to be mutually adjusted in order to generate a

similar photo current density (current matching). The intention of the intermediate reflector

layer(IRL), also depicted in the scheme, will be explained in sec. 2.2.4.

Figure 2.4: Schematic drawing of an a-Si:H/µc-Si:H-based thin film cell

Compared to conventional wafer based c-Si solar cells, a-Si:H/µc-Si:H cells can be pro-

cessed at low temperatures (Tdep . 200 ◦C). On the other hand, the conversion efficiency

is lower and a-Si:H based cells exhibit a light induced degradation (cf. sec. 2.2.1). In the

following, the fundamental requirements and properties of this device type and the materials

involved will be explained.
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2.2.1 Si based Materials for Thin-film Solar Cells

Figure 2.5 shows the absorption coefficient and the penetration depth for wafer-type crys-

talline silicon and typical device quality hydrogenated amorphous silicon and hydrogenated

microcrystalline silicon. Crystalline silicon exhibits a direct band gap of 3.4 eV and an indi-

rect band gap of 1.12 eV [57]. The absorption of photons with energies in the range 1.1 to

3.4 eV requires the incorporation of at least one phonon in order to conserve the momentum.

As indirect processes are less probable then the direct band-to-band transition the absorption

coefficient is accordingly lower. Below 1.1 eV absorption can occur due to shallow and deep

defects as well as due to free charge carries (in doped silicon or at high temperatures). In

contrast to band-band transitions, the latter absorption mechanisms do not contribute to the

creation of excitons. However, spectroscopic investigation of the sub-band gap absorption

can reveal information, e.g. on material quality, defect levels and charge carrier scattering

mechanisms.

Figure 2.5: Optical absorption coefficient, α and penetration depth, dλ = 1/α, as function
of the photon energy and the wavelength for wafer-type crystalline silicon (c-Si) and typical
device quality hydrogenated amorphous silicon (a-Si:H) and hydrogenated microcrystalline
silicon (µc-Si:H; corrected for light scattering due to surface roughness [58]) layers on glass.
Graph taken from [5]. Original data from [58,59].

Due to the similar short range order, i.e. average bond length, average bond angle and

number of neighbors (coordination) amorphous silicon in general shows the same material

properties as crystalline silicon, i.e. it has similar electronic structure and hence is a semi-

conductor as well. But, in contrast to crystalline silicon, it shows no translational periodicity

(i.e. long range order). For the electronic properties, this has the following consequences [60]:
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• The band structure becomes isotropic in ~k-space. Hence, the concept of dispersion

relation E(~k) is commonly replaced by that of density of states distribution N(E). The

formalism of direct and indirect band-to-band transitions is no longer valid.

• Deviations in the length and angle of bonds lead to significant electron scattering. This

reduces the charge carrier mobility for the extended states within the bands. Moreover,

the presence of the bonding disorder introduces localized tail states at the band edges.

These states are of importance since electronic transport takes place at the band edges.

• Structural deviations lead to defect states deep within the band gap. Effects like trap-

ping and recombination are mainly related to these states.

The latter is the main reason why a-Si is commonly doped with hydrogen (a-Si:H) for

application as a semiconductor in electronic devices. The hydrogen terminates open bonds

in the silicon network (dangling bonds) and therefore reduces the defect density. The band

gap energy (Eg) of a-Si:H is not well defined and depends on the hydrogen content. For its

determination the Tauc-definition [61] is often used and hence referred to as optical gap.

Typical values range from 1.6 to 1.9 eV. Due to the missing long range order there are no

momentum selection rules anymore. Hence, the probability for absorbing photons, i.e. the

absorption coefficient, is increased for photon energies between the optical gap and 3.4 eV

compared to crystalline silicon.

In 1977, Staebler and Wronski reported on a light induced degradation (LID) in photo- and

dark-conductivity of a-Si:H films [62]. They also found that the effect was fully reversible by

annealing the samples for few hours at temperatures T ' 150 ◦C. Nowadays, the phenomenon

is also referred to as Staebler-Wronski-effect (SWE). Despite many activities and publications

on the nature of defects in a-Si:H and their influence on the electronic material properties

[63–69] up to now there is no commonly accepted picture of the microscopic mechanism behind

the SWE. However, most authors ascribe it to the light induced formation and thermal H-

passivation of (additional) dangling bonds [60]. The SWE limits the i-layer thickness of

efficient a-Si:H based thin-film cells to about < 400 nm. Otherwise, recombination would

dramatically increase after few hours of light exposure and hence conversion efficiency would

break down.

Thanks to the H-termination of dangling bonds, a-Si:H can be doped n-type (phosphorus)

or p-type (boron) by adding phosphine (PH3) or trimethylboron (TMB, B(CH3)3 ) / diborane

(B2H6) to the precursor gas, respectively. This was first done by Spear and Le Comber

in 1975 [2]. However, due to the presence of localized states within the band tails and

due to the formation of additional dangling bonds by incorporating dopants, the doping

efficiency in a-Si:H is rather low compared to c-Si and even decreases with increasing doping

level [2]. As a consequence, the maximum achievable conductivity is limited to σ / 10−1 and



22 2.2 Si-based Thin-film Solar Cells

/ 10−2 (Ωcm)−1 for n- and p-type doping, respectively. The difference is due to the steeper

conduction band tail compared to the valence band tail [60].

Hydrogenated microcrystalline silicon (µc-Si:H) can easily be obtained by varying the

deposition conditions, otherwise used for producing a-Si:H. This includes parameters such

as process pressure, gas flow rate, excitation power, excitation frequency, temperature and

so on, but predominantly the silane/hydrogen ratio (see sec. 3.1.6). The latter is commonly

expressed as the silane concentration

SC =
QSiH4

QSiH4+H2

, (2.42)

or the hydrogen dilution

R =
QH2

QSiH4

(2.43)

where Q denotes the standard volume flow rate for the particular gas.

According to Vetterl et al. [70], µc-Si:H consists of columnar crystallites more or less

embedded in a matrix of a-Si:H and interspersed by defective regions (also referred to as voids,

cracks or porous zones). Generally, increasing hydrogen dilution leads to higher crystalline

volume fraction, an important material property with respect to application in solar cells.

The best cell performance is obtained close to the transition to the a-Si:H material as the

amorphous matrix acts as a passivation layer to the crystallites.

Similar to c-Si, µc-Si:H exhibits an indirect band gap with Eg = 1.1 eV. Between 1.5 and

3.3 eV, the absorption coefficient of µc-Si lies in-between that of a-Si and c-Si (see fig. 2.5),

a direct consequence of the mixed phase nature. Below 1.5 eV, the absorption coefficient of

µc-Si:H is similar to that of c-Si. This makes µc-Si:H an appropriate absorber material for

solar cells, especially when combined with a-Si:H in a tandem cell.

2.2.2 Basic Description of opto-electric Solar Cell Properties

In order to describe the ideal J-V -characteristic of a solar cell, the so-called one-diode model

is usually used. Its equivalent circuit model is presented in fig. 2.6. It consists of a diode

representing the dark characteristic of the junction, Jdark, a current source accounting for

the photo-generated current density, Jph, a series resistance, RS, accounting for ohmic losses

either within the device or external and a parallel resistance, RP, considering ohmic shunts.

The corresponding J-V -characteristic is written as

J(V ) = Jph − J0

[
exp

(
e(V − J(V ) ·RS)

nkT

)
− 1

]
︸ ︷︷ ︸

Jdark(V )

−V − J(V ) ·RS

RP
, (2.44)
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Figure 2.6: Equivalent circuit for the one-diode model universally used to describe the
fundamental J-V characteristic of solar cells.

where J0 and n are the reverse saturation current and the ideality factor of the diode, re-

spectively. In the basic case of a p-n junction, we have n = 1 when the diffusion current

is predominant and n = 2 when generation and recombination in the depletion zone of the

p-n junction dominates. According to Shah [71] this picture can be coarsely approximated

for p-i-n junctions by assuming the i-layer as being inserted into a p-n junction, representing

a kind of extended depletion zone. Consequently the ideality factor of a high quality p-i-n

device, i.e. with recombination predominantly in the i-layer, should be n = 2. Besides that

maybe the most marked difference compared to a p/n junction is the dependence of the re-

combination on Jph. This is commonly accounted for by introducing a voltage dependence

to the photo current [72], Jph = f(V ), or by inserting an additional photocurrent dependent

current sink in the equivalent circuit of the one-diode model [73]. In the case of multiple

monolithically stacked junctions, the situation even gets more complicated, since each single

junction needs to be represented by a separate diode according to eq. (2.44). However, in this

work, the analysis of the illuminated J-V characteristics, as will be described in the following

paragraph is sufficient. From an electrical point of view, all these junctions are connected in

series. Thus, the flowing current density in all single junctions is always the same and the

individual voltages (at a given current density) add up to the total voltage at the contacts.

This principle directly implies the need for balancing the (potential) photo current densities

of all single junctions in order to achieve the full potential of such a device. Otherwise, the

current density of the whole device is predominantly determined by the junction with the

lowest photo current density.

In fig. 2.7 an illuminated J-V curve of a representative a:Si-H/µc-Si:H based tandem cell

is presented together with the J-V parameters, short circuit current density, JSC = j(V = 0),

open circuit voltage, VOC = V (j = 0), maximum power point where j · V = Pout reaches

its maximum value, PMPP, as well as the corresponding current density, jMPP, and voltage,

VMPP. Additionally, the power density curve, p(V ) (red line, p = P/A) is presented. Another

important illuminated J-V parameter is the fill factor,

FF =
jMPP · VMPP

JSC · VOC
=

pMPP

JSC · VOC
. (2.45)

It can be interpreted as a measure of collection efficiency under load. For standard test
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Figure 2.7: Illuminated J-V charcteristic of a representative a-Si:H/µc-Si:H tandem cell

conditions (i.e. an irradiance of ESTC = 1000 W/m2 and a spectral distribution according to

AM1.5g; cf. sec. 3.2.4) the conversion efficiency is determined as

η =
Pout

Pin
=

pout

ESTC
=

pMPP

1000 W/m2
=
JSC · VOC · FF

1000 W/m2
. (2.46)

Another important quantity for the characterization of solar cells is the quantum effi-

ciency, QE. It represents the statistical probability of collecting a photo-generated charge

carrier per incoming photon and is usually interpreted as a function of wavelength (i.e. photon

energy). The QE can also be expressed as spectral response, SR, by the relation

SR = QE · λ · e
h · c

. (2.47)

Thus, by accounting for the charge of the collected carriers and the energy of the incoming

photons, the SR represents the collected current density per irradiance. There are two

common ways to account for the incoming photons: (i) referring to the total photon flux

impinging the solar cell - external quantum efficiency (EQE) or (ii) referring to the photon

flux absorbed in the cell structure (i.e. correcting for reflection and transmission, if any) -

internal quantum efficiency (IQE). Due to the metallic back reflector transmission through

the cell is virtually zero, and IQE can thus be written as

IQE(λ) =
EQE(λ)

1−R(λ)
, (2.48)



2 FUNDAMENTALS 25

where R(λ) is the total cell reflection, i.e. including specular and diffuse reflection. Accord-

ingly, 1 − R(λ) will be referred to as total cell absorptance. In the case of multi junction

devices, the EQE is measured separately for each single junction. This is a valuable op-

portunity, since it allows the determination of the potential photo current density of each

single junction separately. Figure 2.8 depicts EQE(λ) and 1 − R(λ) of a representative a-

Si:H/µc-Si:H tandem cell. The 1 − R curve separates the reflective losses (red shaded area)

from the total cell absorption (green and blue shaded area). The parasitic absorption (green

shaded area) accounts for absorption within layers not contributing charge carriers to the

photo current, whereas the EQE (blue shaded area) represents the fraction of photons ab-

sorbed within the intrinsic absorber layers that yield an collected electron-hole pair at the

contacts. According to the J-V characteristic, the QE generally is also a function of the

applied voltage, but is commonly measured and interpreted under short circuit conditions.

Thus, for cells comprising reasonable device quality, collection losses can be neglected and

the EQE hence approximates the actual optical absorption in the intrinsic absorber layer(s).

From EQE, i.e. SR, the actually collected current density, J , for given irradiance, E(λ), can

be calculated by

JEQE = e

∫
EQE(λ) · Φph(λ) dλ =

∫
SR(λ) · E(λ) dλ , (2.49)

where Φph is the photon flux. The irradiance is usually set to ESTC and referred to as ”one

sun” or ”AM1.5g”. In analogy this calculation was also applied to the other optical quantities,

reflective loss and parasitic absorption, in order to determine (implied) current densities. The

values corresponding to the different fractions under one sun are also added to fig. 2.8. The

integration was generally carried out for λ = 300 . . . 1100 nm.

2.2.3 Light Trapping in Si-based Thin-film Solar Cells

In order to obtain high efficiencies the light absorption within the intrinsic absorber layer has

to be maximized. This is especially crucial in these devices due to the rather low absorption

coefficients at long wavelengths (compare fig. 2.5). In fact, this could be realized by simply

increasing the i-layer thickness, but this would also lead to a decreased collection efficiency

due to a lowered electric field strength and is of course economically undesirable with respect

to deposition time and material consumption. Therefore, in practice a high absorption is

realized by introducing so-called light-trapping concepts which prolong the effective path of

the light within the device. The common basic approach is to apply light scattering textures

and a reflective backside. In the case of p-i-n cells, the light scattering is usually implemented

by incorporating a front-TCO with a random textured surface with typical lateral feature

size l ≈ 0.2 . . . 2µm. For this purpose, either sputtered ZnO:Al [9, 74], ZnO:B grown by low
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Figure 2.8: External quantum efficiency (blue shaded area) and total absorption of a
representative a-Si:H/µc-Si:H tandem cell. The EQE is shown for the top and the bottom
cell separately, as well as in total. The red shaded area represents the loss due to reflection.
The green shaded area depicts the fraction of light absorbed in layers, which does not
contribute charge carriers to the photo current. The numbers indicate the particular effective
current densities in mA/cm2 and, in parenthesis, the relative fraction of the totally available
effective current density between 300 and 1100 nm under one sun (43.5 mA/cm2).

pressure chemical vapor deposition (LPCVD) [75] or SnO2:F [76, 77] grown by atmospheric

pressure chemical vapor deposition (APCVD) is used. In the case of sputtered ZnO:Al, a

crater-like texture is achieved by post-deposition wet-chemical etching in diluted hydrochloric

acid whereas the LPCVD-ZnO:B and the APCVD-SnO2:F exhibit an as-grown pyramid-like

texture. In all cases, the actual surface topography is closely related to the growth conditions

of the TCO films [44, 78–84]. The light trapping capability strongly depends on the specific

topography of the interface and needs to be adapted to the absorber material. Moreover, the

device quality of the silicon is very sensitive to the surface texture [85–87]. From this fact,

a trade-off between good light trapping, i.e. high short circuit current densities, and good

electric device quality, i.e. high fill factor and open circuit voltage, arises.

In order to quantify the light scattering capability of a given texture, various methods

have been established. A very common technique is to determine the haze in transmission as

a function of wavelength,

HT(λ) =
Tdiffuse(λ)

Ttotal(λ)
, (2.50)

where Tdiffuse and Ttotal are the diffuse and total transmittance, respectively. Hence, haze

defines the fraction of scattered light intensity (in transmittance). Figure 2.9 depicts typical
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Figure 2.9: Haze (solid lines) and total transmittance (dashed lines) for ZnO:Al layers on
glass with moderate (red) and rather strong texture (green). Tilted-view SEM images of
the particular surface topography are also added. The images have the same magnification.

haze curves together with Ttotal and a SEM image for ZnO:Al layers on glass with moderate

and rather strong texture. From the SEM images it can be seen that both surfaces exhibit

the crater-like topography, typical for sputter-etched ZnO:Al layers. The moderate texture

comprises a smaller feature size compared to the stronger textured sample. In both cases, haze

decreases for longer wavelength, a direct consequence of the underlying scattering mechanism

[88,89], whereas the stronger texture obviously yields higher haze, hence indicating stronger

light trapping. However, care must be taken in rating the light trapping ability of different

textures based on their haze spectra [90, 91]. This is due to the fact that haze is an optical

property determined in the far-field regime and for the TCO/air interface whereas the light

trapping within a real thin-film solar cell is a near-field effect and takes place at the TCO/Si

interface. Moreover, haze contains no information on the angular distribution of the scattered

light intensity. This is of particular importance, since scattering into larger angles is preferable

for good light trapping. Thus, the angular distribution can strongly determine the resulting

light trapping.

There are several approaches to predict the light trapping of a given texture, at best in

terms of photo current density or its increase in comparison to the case of a flat interface.

These methods are commonly based on the knowledge of the particular surface texture as well

as the optical constants of the materials incorporated, and application of scalar scattering

theory [92–95], or rigorous solution of Maxwell’s equations [96–99]. However, for two

reasons we will not make use of such rather complex determinations within this thesis. First,
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as will be shown in sec. 4.3, applying various annealings to textured ZnO:Al layers will not

affect the particular morphology. Hence the light trapping capability will not change upon

annealing. Second, all these approaches only deal with the optical influence of rough surfaces,

whereas the consequences on the electrical quality of the cell, generally counteracting the

optical improvements obtained by better light scattering, are not regarded. Instead, the light

trapping ability of different front contact systems will be evaluated directly from EQE and

photo current density values of thin-film solar cells.

At this point, we define the light path enhancement factor

m =
llight

dabsorber
(2.51)

as a measure for light trapping effectivity. For instance, the incorporation of a (perfect, flat)

back reflector corresponds to m = 2, i.e. a doubling of the light path, llight, with respect to

the absorber layer thickness, dabsorber. In the ideal case, light trapping would lead to multiple

internal reflections. A thin-film solar cell design making use of light path enhancement by

an inclined back reflector was already proposed by Redfield in 1974 [6]. First experimental

investigations on light trapping textures for thin-film a-Si:H can be traced back to 1983 [7,8].

In 1982 Yablonovitch and Cody postulated an upper limit of mmax = 4 · n2
absorber for light

path enhancement [100]. Thus, assuming nSi / 4 we get mmax / 64 as an theoretical upper

limit for light path enhancement in the case of silicon.

Experimental maximum values for the light path enhancement factor have been deter-

mined to be m = 16 and m = 15.2 in the case of µc-Si:H single junction cells on sputter-

etched ZnO:Al by Berginski [11, 44] and the bottom cell of a-Si:H/µc-Si:H tandem cells on

LPCVD-grown ZnO:B by Dominé [101], respectively. Obviously, these values are well below

the theoretical limit. A reasonable portion of the difference can be ascribed to the ideal

assumptions made by Yablonovitch and Cody in their model. In particular, the weak ab-

sorption approximation is violated in the case of Si within the wavelength region were light

trapping takes place. Therefore, Tiedje et al. proposed an extension of the model accounting

for absorption in the silicon [102]. Deckman et al. introduced further corrections with respect

to non-ideal back reflection and parasitic absorption [8]. A nice description and comparison

of those models to experimental data for µc-Si:H single junction cells (1µm intrinsic layer

thickness) was done by Berginiski et al. [103]. They showed that light trapping is already

on a good level for the state-of-the-art textures used and that most of the potential current

gain can be achieved by reducing parasitic absorption, particular in the front-TCO and at

the back reflector (surface-plasmon absorption at the Ag-interface), and by improving light

coupling, i.e. minimizing primary reflection losses.
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2.2.4 Advanced Device Concepts

Beside the basic structure of a-Si:H/µc-Si:H based tandem cells, as depicted in fig. 2.4, in

recent years there have been various adaptions and advances to this basic concept. Most

of them aim at a higher photo current generation, while others focus on improved electrical

device quality. In the following, two of these advances, relevant for this thesis will be briefly

introduced.

Silicon-(sub)-oxide based layers In the context of present day a-Si:H based thin film

technology, the term hydrogenated micro-crystalline silicon oxide, µc-SiOX commonly refers

to a layer of a two phase material consisting of nano-scaled µc-Si:H filaments embedded in an

a-SiOX:H matrix [104]. Such layers can be achieved in a PECVD process similar to that used

for µc-Si:H deposition. This makes such films highly compatible with the common deposition

of a-Si:H/µc-Si:H based solar cells. Figure 2.10 shows a transmission electron microscopic

image of such a layer on a-Si:H with element specific coloration. The two phase character of

the material gets obvious from the image. The benefit of this material is its tunable refractive

index (n ≈ 1.7 . . . 2.6) and its rather low absorption coefficient. Furthermore, like a-Si:H and

µc-Si:H, it can be doped n- or p-type. Therefore, it is appropriate for use as p- or n-layer

and it at the same time provides low parasitic absorption.

Figure 2.10: TEM image of a µc-SiOX layer grown on top of a-Si:H. Red correspond
to Si-rich (i.e. O-free) sites and green to O-containing sites. Hence the µc-Si:H filaments
and the a-SiOX matrix correspond to the red and green regions inside the µc-SiOX layer,
respectively. The color contrast was achieved by electron dispersive X-ray spectroscopy.
The picture was taken by Max Klingsporn.

When used as top cell p-layer, it additionally provides an anti-reflective effect due to index

grading [105], whereas when applied in-between the top and the bottom cell of a tandem

device it acts as an intermediate reflective layer (IRL) [106]. The latter allows an increase in

the portion of light absorbed in the top cell (at the expense of the bottom cell) and hence the
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tuning of the current matching between top and bottom cell. This effect can also be used to

generate the same current density in a thinner a-Si:H absorber layer, which helps to mitigate

its light induced degradation (cf. sec. 2.2.1). Beside these optical benefits, its incorporation

also improves the electrical device quality, particular when grown on rough substrates [87].

The development of such layers and their implementation to solar cells made in our group

was one of the main topics of the PhD thesis of Kirner [107,108]. Actually all cells that will

be presented in this thesis comprise µc-SiOX layers (cf. sec. 3.1.6).

Alternative front textures As already pointed out, the common approach to introduce

light scattering in p-i-n type cells is the utilization of textured front TCOs. An appropriate

texture is hence inherently related to certain requirements for the deposition process for

both as-grown textured TCOs like LPCVD-grown ZnO:B or post-deposition textured ones

like sputter-etched ZnO:Al. This constitutes a trade-off between texture formation and opto-

electronic properties of the particular TCO. Hence, introducing light scattering by alternative

approaches or at least ways to relax this trade-off are highly desired.

An obvious way is to grow the whole device, i.e. including the front TCO, on a transparent

textured substrate. This can be achieved either by texturing the glass surface itself [109–

112], or by coating with a textured transparent material. For the latter UV nano-imprint-

lithography (UV-NIL) is a prominent technique [113–115]. Both approaches have already been

used in application to Si-based thin film solar cells. For instance Bailat et al. demonstrated

a confirmed efficiency of 11.91 % after 1000 h of light soaking for a-Si:H/µc-Si:H tandem cells

incorporating textured glass [116], which was the world record at this time (in 2010). The

utilization of micro-textured glass will also be part of this thesis (cf. sec. 6.5).
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3 Experimental Details

In this section the experimental methods used for sample preparation and characterization

are described. The samples consist either of ZnO:Al films deposited on SiOXNY coated glass

substrates or a-Si:H/µc-Si:H tandem devices grown on top of those. The former is used for

characterizing the opto-electronic and morphologic properties of the ZnO:Al layers on glass,

whereas the latter is used to directly investigate how different treatments and substrates

affect the device performance.

3.1 Sample Preparation

The sample preparation always started with a proper cleaning procedure. For this purpose,

the substrates were first cleaned in an ultra-sonic bath for 20 min. This was carried out

either in deionized water containing a basic detergent (Mucasol by Brand GmbH + Co. KG)

at 80 ◦C in the case of bare glass substrates or in pure deionized water at room temperature

to prevent etching in the case of substrates already coated with a ZnO:Al layer. Subsequently,

all substrates where washed and dried in a flat glass washing machine (by buxtrup GmbH).

At this stage all substrates had a size of 300× 300 mm2.

3.1.1 The Glass Substrates

Table 3.1 lists all glass types used as substrate. Due to its high strain point, the Corning

Eagle XG (“Corning”) is appropriate for the investigation of ZnO:Al annealing. Temperatures

up to 650 ◦C were applied to samples on Corning glass. On low iron soda lime glass (“white

glass”) and the borosilicate glass (“borofloat”) the annealing temperature was restricted to

500 ◦C. However, with industrial application in mind the utilization of the rather thin and

expensive Corning glass is no option. Figure 3.1 shows the transmittance of the three glass

types. Among the three glass types, the borofloat glass shows the highest transmittance.

This is due to both low absorption but primarily the rather low refractive index, i.e. low

reflectance. At photon energies around 3.7 eV all glasses start absorbing and hence exhibit

a drop in transmittance. With respect to the typical band gap energy of 3.4 . . . 3.7 eV for

the ZnO:Al layers used here this is no issue. The slight decrease in transmittance for lower

photon energies visible in the data of the white glass is due to absorption at residual iron

impurities. Altogether all glass types are generally well suited as a transparent substrate for

solar cells.

3.1.2 Reactive MF-Magnetron Sputtering of SiOXNY Layers

The SiOXNY films inserted as anti-reflection and surface conditioning layer between the

glass and the ZnO:Al layer were deposited in a reactive mid-frequency(MF)-twin-magnetron
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Table 3.1: The different types of glass used as substrate. The strain point temperature
defines the upper limit for reversible mechanical properties. n denotes the refractive index
at a wavelength of 600 nm. Different trade names of white glass have been used. However,
due to their characteristic composition and processing they all show very similar properties.

type/ d strain point n composition &

trade name [mm] [◦C] (600 nm) key features

white glass
(div.)

3.2 ≈ 510 1.52 low iron soda lime;
float glass;
inexpensive;
available on large scale

Schott
boro-float 33

3.3 518 1.48 borosilicate;
float glass;
low thermal expansion (similar to Si);
good optical properties;
excellent thermal shock resistance;
high chemical durability

Corning
Eagle XG

1.1 669 1.51 alkaline earth boro-aluminosilicate;
fusion drawn glass;
low thermal expansion (similar to Si);
excellent chemical durability;
outstanding surface quality
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Figure 3.1: Transmittance of the different glass types used as substrates as a function
of photon energy. The respective glass thickness is added to the legend. White glass is
represented by the brand Diamant by Saint Gobain.
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sputter process, which is rather complex. Since this layer is not in the focus of this work,

only a brief description of the used parameters will be given in the following. For a more

general introduction to magnetron sputtering refer to sec. 3.1.3. A more detailed description

of the process and its application can for instance be found in refs. [117–119].

The process uses a pair of Si:Al(0.1 wt.%) tube targets (l = 600 mm, by GfE) which are

arranged in a special configuration. The Al-doping provides a reasonable conductivity, needed

to maintain the process stable. The system is driven by a MF-generator that reverses the

polarity of the particular targets with a fixed frequency of 40 kHz. This technique prevents

the accumulation of electrons at the target surface, which would otherwise not allow a reliable

sputtering. Since it is a reactive sputter process the sputter gas (argon) exhibits an admixture

of nitrogen and oxygen, which is dissociated in the plasma and hence is incorporated in the

growing layer. The process parameters are as follows: MF-power 6.9 kW, working pressure

1.3·10−3 mbar, Ar-flow rate typical 28 sccm (controled via total pressure), O2-flow rate typical

30 sccm (controled via MF-voltage), N2-flow rate fixed at 70 sccm. The process is nominally

carried out at room temperature. The dynamic deposition rate is ≈ 100 nm ·m−1min. The

resulting SiOXNY layer has a thickness of ≈ 60 nm and a refractive index of n = 1.7 at

λ = 500 nm. It comprises low dispersion as well as low absorption.

3.1.3 DC-Magnetron Sputtering of ZnO:Al Layers

Sputtering refers to the major principle used with this deposition technique: High energetic

ions hit the surface of a target, where they release particles (or small compounds) of the

target material, which subsequently condenses inside the process chamber, i.e. also on the

substrate intended to be coated. All ZnO:Al films presented within this thesis were produced

by non-reactive DC-magnetron sputtering.

Figure 3.2 shows a schematic view of a DC-magnetron sputtering system using tube

targets. The volume in-between two electrodes is filled with the sputter gas Ar17. Due to

cosmic radiation some of the Ar-atoms are ionized spontaneously. When a voltage is applied

between the electrodes (typically a few hundred volts) the charged particles are accelerated in

the electric field leading to ionization of additional Ar-atoms. For appropriate pressure and

electric field strength, a stable plasma containing neutral and charged species is generated.

As these conditions are only reached for a rather large mean free path length, i.e. low gas

pressure, sputtering generally is a vacuum process.

The target is placed just in front of the cathode (or it comprises the cathode in the case

of metallic targets). Ar-Ions (positively charged) are accelerated towards the cathode and

hit the target surface with rather high kinetic energies. This leads to emission of secondary

electrons which support the gas ionization and particles or clusters of the target material

17Ar is usually used as sputter gas due to its inert character and availability.
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Figure 3.2: Schematic drawing of the sputter process.

which condense inside the sputter chamber, particularly onto the substrate. Thereby, the

mean free path length of the target material, hence the deposition rate is reduced by the

presence of the ionized sputter gas. Lower sputter pressure could mitigate this issue but at

the same time would lead to a breakdown of the plasma due to a reduced collision rate.

A solution to this dilemma is provided by magnetron sputtering. A specific configuration

of strong permanent magnets just behind the cathode introduces strong magnetic fields close

to the target surface. The electrons are forced on cycloid trajectories leading to higher resi-

dence times and hence increased ionization efficiency. This allows a reduction in the sputter

pressure without plasma breakdown, therefore, allowing higher deposition rates. A disadvan-

tage of magnetron sputtering is the reduced target utilization. The target erosion becomes

non-uniform as it is increased in the vicinity of the cycloid trajectories of the electrons. This

can be reduced e.g. by using cylindrical rotating targets (so called tube targets) as it was the

case for the system used here.

The first experiments were based on ZnO:Al films provided by a project partner. They

have been fabricated in an industrial large area process (in the following referred to as in-

dustrial ZnO:Al) whereas later on an in-house process was established and mainly used. The

development of the in-house process is not in the focus of this thesis and will therefore not be

explained here. In order to serve as a stable reference no significant changes have been made

to that process. The main process parameters for both ZnO:Al types are listed in tab. 3.2.

The two types of ZnO:Al were quite similar with respect to their opto-electronic and

light trapping properties. Figure 3.3 shows the transmittance, reflectance and absorptance

of the industrial and the in-house ZnO:Al for the different annealing states (ref. to sec. 3.1.5

(a) as-deposited, (b) cap-annealed, (c) thermally degraded and (d) 2-step annealed. Note

that the in-house ZnO:Al is slightly thinner (725 nm compared to 816 nm for the industrial

ZnO:Al). Despite that, the general trends and characteristic features are very similar for the
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Table 3.2: Main features of the sputter processes used to deposit the particular types
of ZnO:Al. For the industrial zinc oxide, some process parameters have to be treated as
confidential.

ZnO:Al type industrial in-house

SiOXNY-layer under-
neath

yes yes (optional)

target type sintered ceramic tube target sintered ceramic tube target
(l = 600 mm; by GfE)

target doping level 1 wt.% Al2O3 1 wt.% Al2O3

process type DC-magnetron sputtering
(non-reactive)

DC-magnetron sputtering
(non-reactive)

deposition type dynamic
(single pass/multiple targets)

dynamic
(multiple pass/single target)

substrate temperature > 250 ◦C 330 ◦C

sputter power - 2 kW

sputter pressure - 5.1 · 10−3 mbar

Argon flow rate - 550 sccm

target-substrate distance - 80 mm

dynamic deposition rate - ≈ 85 nm ·m−1min

two ZnO:Al types. This general observation is even true for the three different annealing

states, which points to the similar sensitivity to the particular mechanisms acting during

thermal treatments. The electronic properties of the samples presented in fig. 3.3 were derived

from Hall-effect measurements and are summarized in tab. 3.3. As expected the similar

optical properties are linked to similar electronic properties. The general behavior due to

different annealing will be discussed in sec. 4.

Besides the opto-electronic properties of the non-textured Zno:Al films also the texture

formation upon wet-chemical etching was compared between the two ZnO:Al types. The haze

after appropriate wet-chemical etching in 0.5 wt.% HCl is shown in fig. 3.4. As can be seen,

also the haze curves for the two ZnO:Al types are rather similar, whereas the haze of the

in-house ZnO:Al in comparison to the industrial one is a bit higher for shorter wavelength,

but gradually approaches the latter with increasing wavelength.

3.1.4 Wet-chemical Texture-Etching

The wet-chemical etching of the ZnO:Al films, used to introduce a light scattering texture

was done by immersing the samples in 0.5 % HCl at room temperature. The applied etch

durations depend on the specific ZnO:Al material and its thickness. Unless otherwise stated,
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Figure 3.3: Transmittance, reflectance and absorptance of non-textured in-house (solid
line) and industrial (dotted line) ZnO:Al in the (a) as-deposited, (b) cap-annealed, (c)
thermally degraded and (d) 2-step annealed state. All annealing was done at 500 ◦C with
6 h plateau time.

Table 3.3: Electronic properties of non-textured in-house and industrial ZnO:Al in different
annealing states. All annealing was done at 500 ◦C with 6 h plateau time.

annealing ZnO:Al ne,Hall µHall ρHall

state type 1020 cm−3 cm2

Vs 10−4 Ωcm

as-deposited in-house 3.3 35 5.42

industrial 3.1 30 6.58

cap-annealed in-house 5.0 54 2.33

industrial 4.6 54 2.49

thermally degraded in-house 0.32 8.8 219

industrial 0.30 8.1 260

2-step annealed in-house 1.4 62 7.00

industrial 1.4 60 7.34
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Figure 3.4: Haze in transmission for wet-chemically textured in-house (solid line) and
industrial (dotted) ZnO:Al on glass. The duration for wet-chemical texturing was adapted
to achieve a similar sheet resistance for the two samples, Rsh ≈ 11 Ω, leading to ttext = 40 s
and 75 s for in-house and industrial ZnO:Al, respectively.

the standard etch time of 50 and 75 s for the in-house and industrial ZnO:Al, as listed in

tab. 3.2 was applied, respectively.

The short HCl-dip, used to refresh the ZnO:Al surface after cap-annealing was carried

out in the same way, but the concentration of the HCl and the duration was 0.1 % and 10 s,

respectively.

The wet-chemical treatment was generally stopped by immediately immersing the samples

in de-ionized water followed by either washing and drying in the glass washer (for 30×30 cm2

samples) or rinsing with de-ionized water and drying with a nitrogen pistol (smaller samples).

3.1.5 Thermal post-Deposition Treatment

The thermal post-deposition treatment (for convenience referred to as annealing) of sputtered

ZnO:Al layers occupies the central position in this thesis. Despite its technological impor-

tance, in practice it is a simple process. A brief introduction to the history and state of

the art of post deposition annealing of ZnO in general and ZnO:Al in particular is given in

sec. 4.1.

For now, it is sufficient to distinguish between annealing of bare ZnO:Al layers on glass,

referred to as thermal degradation, which is due to its deteriorating impact on electronic

properties of the ZnO:Al, and annealing of ZnO:Al layers that were coated with a capping

layer, hence referred to as cap-annealing. In our case the capping comprises an intrinsic a-Si:H
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layer with a thickness of about 100 nm. It is deposited in the same PECVD tool that is also

used for cell deposition (cf. sec. 3.1.6). The deposition parameters were actually adapted from

an older version of our intrinsic a-Si:H absorber layer. Note, that we increased the thickness

of the capping layer compared to the 50 nm, typically used in the original publication [13].

This was decided to assure a dense capping also on textured ZnO:Al layers, which were not

subjected to cap-annealing prior to this thesis.

Regarding the annealing itself, there is no fundamental difference between thermal degra-

dation and cap-annealing. The annealing is carried out in a muffle furnace (customized, by

HTM Reetz GmbH, Germany). It can seize up to six samples with a sample size of up to

30× 30 cm2. The samples are placed on ceramic substrates which are stacked in slots inside

the muffle chamber. The furnace exhibits a gas tied design and an internal fan assures a

homogeneous temperature distribution inside the chamber. During operation a continuous

nitrogen-flow (≈ 1700 sccm) is applied. To prevent glass breaking due to thermal shocks, the

samples are heated up and cooled down at rates not larger than 2.5 K/min. The furnace is

designed for a maximum temperature of 700 ◦C. More details on the layout and processing

can be found in ref. [120].

The process parameters of the annealing were actually adapted from a tube furnace, that

was originally used for ZnO:Al annealing of small samples.

After cap-annealing the cap needs to be removed again, since it is no longer suited for

device implementation. Moreover, removing the cap eases characterization of the annealed

ZnO:Al films. For this purpose an NF3 based plasma etching process, that is originally

used to clean the process chambers of our PECVD system, was adapted. This process is

very selective to Si. The ZnO:Al is not attacked, as it was evidenced from an experiment

presented in sec. 6.1.

Thus, all processes needed to carry out ZnO:Al annealing on 30 × 30 cm2-sized samples

were available. At this point we want to note, that we experienced a minor deformation of

float glass based samples after annealing for several hours at 500 ◦C. This deformation led

to problems in the alignment of the P1 laser pattern and the subsequent P2 and P3 pattern

(cf. sec. 3.1.7), when the P1 patterning was carried out prior to annealing and was hence

also subjected to the annealing-induced deformation.

3.1.6 PECVD Processing of Si-based Thin-film Cells

All Si-based layers used in this thesis were deposited in an Applied Materials AKT 1600A

cluster tool. It is equipped with 3 process chambers (A, B and D) that are connected to a

central transfer chamber. Up to six 30×30 cm2-sized substrates can be loaded to the system.

An automated substrate mover handles the transfer of the substrates to the different process

chambers. Figure 3.5 shows a schematic cross section of a process chamber. The substrate
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Figure 3.5: Schematic cross section of a PECVD chamber. Taken from [121]

is located on a grounded electrode which is heated up to typically 200 ◦C. The shower

head electrode located right above the substrate is capacitively coupled to a 13.56 MHz radio

frequency (RF) generator. The shower head electrode also serves as the gas inlet for all

process gases. The process gases flow into the chamber where a glow discharge is initiated

and sustained by the RF generator. This yields decomposition of the process gases and the

formation of molecules, neutral radicals and ionized species. The film growth basically occurs

due to neutral radicals that stick to the substrate surface. In reality the chemistry inside

such plasmas is much more complex. For the purpose of monitoring the plasma conditions

and hence the film growth we have three plasma diagnostic tools, which are also depicted in

fig. 3.5. Further information on the system, the process optimization and the application of

the plasma diagnostic tools can be found in refs. [121–123].

Table 3.4 lists the process sequence and main parameters used for the standard a-Si:H/µc-

Si:H device on ZnO:AL front electrodes. Note, that the chambers are dedicated to particular

doping types. The sequence also contains a seasoning of chamber A prior to any p-layer

deposition. Moreover chamber A and D where cleaned by means of a NF3/Ar plasma and

subsequently seasoned after deposition of the top cell p- and bottom cell i-layer, respectively.

This avoids a memory effect related to accumulation of residual layers inside the process

chambers.

Some of the cells presented in this thesis were based on an older version of our standard

process, which had a different top cell p-layer design, a thicker top cell i-layer, a thinner and

less effective IRL and a thinner bottom cell i layer thickness. Since these cells will only be

used for direct comparison, this should be no issue.
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Table 3.4: PECVD sequence and main process parameters for deposition of the standard
a-Si:H/µc-Si:H device. The comments for the i-layers include the silane concentration and
the deposition rate. All p- and n-layer thicknesses given were determined for thick layers
(typ. 200 nm) and scaled by assuming constant deposition rate.

step chamber T layer thickness comments

◦C nm

1 A 205 TC-p 20 p-µcSiOX, 3 sub-layers , based on ref. [124]

2 A 205 TC-i 275 SiH4/H2=1/10; 0.22 nm/min

3 B 185 TC-n 88 (18+60) incl. 60 nm IRL

4 A 205 BC-p 30 p-µcSiOX

5 D 190 BC-i 2200 SiH4/H2 ≈1/120; 0.45 nm/min

6 B 185 BC-n 25 n-µcSiOX

3.1.7 Laser Scribing, Back Contact Deposition and Device Annealing

This section describes the final steps needed to achieve a working device after the Si-stack

was deposited.

Laser Scribing For the definition of particular device layouts, pulsed laser scribing is

generally used at PVcomB. Figure 3.6 depicts the single steps needed for monolithically

interconnection. For the P1 scribe, used to open the front TCO a picosecond laser with a

wavelength of 1064 nm was used. The P2 and P3 scribe both use a picosecond laser with

532 nm wavelength. The depicted process yields a series connection of neighboring cells. This

layout is commonly used to define interconnected modules. For our single cell process yielding

180 (9× 20) 1× 1 cm2-sized cells per substrate, the P1 scribe is not needed.

Back Contact Deposition The standard back contact for our cells is based on a

ZnO:Al/Ag bilayer (80/200 nm) and was used for all devices presented in this thesis. The

intermediate ZnO:Al increases the reflectivity of the back reflector and mitigates plasmonic

absorption at the nano-rough Ag interface [125]. The Ag serves as combined back elec-

trode/back reflector. Both layers were deposited by non-reactive DC-magnetron sputtering.

The back contact ZnO:Al layer is sputtered from the same target as the front ZnO:Al film

(cf. tab. 3.2). Compared to the latter the process is done at room temperature and 20 sccm

of Ar:O2 (90:10) are added to the sputter gas resulting in 0.35 % of O2. This reduces the

parasitic absorption in the ZnO:Al and improves the adhesion of the Ag. The latter is of

particular importance for the laser patterning. A weak adhesion results in small flakes of Ag

near the laser scribe that tend to form local shunts within the laser scribe.

The Ag was sputtered from a metallic planar target (600× 125 mm2; by GfE, Germany)
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Figure 3.6: Stepwise illustration of the monolithically interconnection. Taken from ref.
[120].

at room temperature. The sputter conditions were 1 kW sputter power, 380 sccm Ar flow

rate and 50 nm ·m−1min dynamic deposition rate.

Device Annealing In a final step the device was annealed at 160 ◦C for 50 min at ambient

conditions, which mainly improves the back contact.

3.2 Characterization Techniques

In this section the different measurement methods and devices that were extensively used in

this thesis are briefly described.

Additional methods, that are rather common or were not used that extensively were:

Four Point Probe (4pp) In a 4pp measurement 4 contact needles are arranged equidistant

in a line and connected to a source/sensing unit in 4-wire configuration. The particular

arrangement allows to directly determine the sheet resistance of a conductive layer (provided

uniform and extended layers). The method was used to determine the sheet resistance of

ZnO:Al layers. Compared to the method of van der Pauw (sec. 3.2.1), this method is fast

and can be applied to large samples. It requires no sample preparation. With this method

the sheet resistance of a 30 × 30 cm2 sample was commonly measured in a 3 × 3 mesh after

deposition, texture etching, any annealing and HCl-dip. The measurements were done at a

RM3000 by Jandel.
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Step Profiler In a step profiler a tip (2.5µm tip radius in our case) scans the surface of

a sample and records a height profile. It was used to determine the thickness of ZnO:Al

layers when they were grown on textured substrates or have been textured by itself. For that

purpose a step was prepared by drawing a small circle with a waterproof pen and subsequent

etching of the ZnO:Al layer inside this mark by means of a droplet of 10 % HCl. After waiting

for about 1 min the sample was rinsed with de-ionized water and dried with a nitrogen pistol.

The ink served as an etch mask, which could be easily removed with IPA and resulted in

a well-defined step in the ZnO:Al layer. Two of such steps were commonly prepared at

different corners of the same sample and three thickness measurements were done per step.

The average value of these six measurements was taken as film thickness. The measurements

were done at a D-120 by KLA Tencor, USA.

Scanning Electron Microscopy (SEM) This method was used to examine the surface

topography and cross section of ZnO-Al layers. In contrast to atomic force microscopy it does

not provide a quantitative depth information. But it exhibits a very plastic visual impression.

The measurements were conducted by Dr. Florian Ruske. A S-4100 by Hitachi (Japan) was

used. The sample preparation was analog to that descript for the AFM measurements.

X-ray Diffraction (XRD) This method was used to evidence the predominant 〈001〉-
orientation of the ZnO:Al layers perpendicular to the substrate surface. A D8 system by

Bruker, working with a Copper anode was used in Bregg-Bentano configuration. The

measurements were guided by Dr. Sonya Calnan. The sample were cut to a size of 2× 2 cm2.

3.2.1 Electronic Characterization of ZnO:Al

A common technique to determine the electronic properties of degenerate TCOs (among

many other materials) is the method of van der Pauw [126, 127]. In a first step it allows

to determine the resistivity of the material (provided that the film thickness is known). This

is basically achieved by contacting the sample at four distinct points. Thereby two contacts

are used to inject a current and the corresponding voltage is measured via the other two

contacts. This configuration is then varied in a special order including the polarity of the

individual contacts. Since there are many detailed step by step description available in recent

publications [47, 128, 129] we will not go into detail with that. In a second step a similar

contacting scheme is used and the sample is exposed to a permanent magnetic field oriented

normal to the layer surface in order to utilize the Hall effect. This step is then repeated

with altered polarity of the magnetic field. All in all, this allows to determine the Hall
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coefficient, RH which is related to the charge carrier concentration via

RH = − rH

ne · e
. (3.1)

Note, that a negative value of RH corresponds to n-type doping. The quantity rH is the Hall

factor. It is defined between 1 and 2 and its particular value commonly depends on the charge

carrier scattering mechanisms occurring in the sample. However, in the case of degenerate

ZnO:Al it is commonly set to unity [47,128]. Therefore, we will also assume rH = 1. Finally

by applying eq. (2.6) the mobility can be extracted from the measurement.

A major advantage of the method of van der Pauw is that no knowledge of the explicit

lateral sample dimensions is needed. Despite that, there are four requirements on the sample

and the measurement layout: the sample (i) has a homogeneous film thickness, (ii) exhibits

no cracks, wholes, etc. in its inner area and (iii) is contacted close to its edges, and (iv) the

contacts are small compared to the lateral sample dimensions.

For the measurements made in this work a system of type HMS3000 by Ecopia was used.

For this purpose the samples were cut to a size of about 8 × 8 mm2. The contacting was

realized by four spring loaded manipulators with Au-coated tips. Prior to each measurement

the contacts were checked by a simple I-V measurement. The system is equipped with a

permanent magnet providing a magnetic field strength of 0.56 T. Prior to each measurement

series a reference sample provided with permanent contacts was measured. Note, that, despite

the mobility, the accuracy of this method explicitly relies on a proper determination of the

particular film thickness.

3.2.2 Optical Measurements

For the optical characterization of the samples a dual beam photo spectrometer of type

Lambda 1050 by Perkin Elmer was used. The system is equipped with a deuterium/halogen

dual light source and a 150 mm diameter integrating sphere with 0 ◦/8 ◦ port configuration.

The two detectors of the system, namely a photomultiplier tube and an InGaAs detector allow

a measurement range of λ = 250 . . . 2500 nm. Figure 3.7 illustrates the different configuration

used for measuring (a) the total and diffuse transmittance, (b) the total reflectance and (c)

the specular reflectance.

For textured ZnO:Al films on glass the total and diffuse transmittance was measured

for λ = 250 . . . 1500 nm with a step width of 5 nm and later on used to calculate the haze

according to eq. (2.50). When the reflective plug is inserted in the integrating sphere, the

total transmittance is obtained. When it is removed, the specular part of the transmittance

gets lost for detection and hence the diffuse transmittance is directly measured. The opening

angle, that discriminates between specular and diffuse transmission (red dash dotted line
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Figure 3.7: Measurement configurations of the photo spectrometer

in (a)) accounts to ≈ 3.8 ◦ in the present setup. It is defined by the ratio of port opening

diameter to total diameter of the integrating sphere. During the measurement the samples

have been oriented with the film side towards the integrating sphere. This reduces unwanted

light trapping within the sample, which would otherwise lead to underestimation of the diffuse

transmittance. Moreover, it is closer to the situation within a working solar cell (light enters

through the glass).

For optical characterization and modelling (cf. sec. 2.1.5) of planar ZnO:Al films on glass

total transmittance (a) and total reflectance ((b) were subsequently obtained. Thereby, the

measurement range was increased to λ = 250 . . . 2500 nm and a step width of 2 nm was used.

For these measurements the samples were oriented with the film side towards the incident

beam.

The total absorptance of solar cells was derived from total reflectance measurements (b).

Thereby a focusing optic was inserted in the path of the incident beam. This allowed to

illuminate distinct 1 cm2-cells with a beam of ≈ 3 mm in diameter, similar to that of our

EQE setup. The samples were illuminated through the front glass. The metallic back

reflector allows to assume zero transmittance and hence A = 1 − R (cf. eq. (2.23)). The

wavelength range and step width were the same as used for the haze determination.

The last measurement configuration, depicted in fig. 3.7 (c) was used to determine the

specular reflectance of cells. For that purpose the samples were placed on an accessory, which
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was placed outside the integrating sphere. Only light being specular reflected by the sample

is detected in this case. Again, the scan-settings used for haze determination were used.

The system was generally calibrated prior to each measurement series. All measurements

were taken with respect to a back ground correction and a reference measurement either with-

out any sample (transmittance mode) or a known standard with high reflectance (reflectance

mode).

3.2.3 Atomic Force Microscopy

The knowledge of the explicit surface topography of textured surfaces is an essential key

to understanding their light scattering properties and impact on the properties of materials

grown on top of them. Atomic force microscopy (AFM) is an appropriate method for record-

ing the three dimensional surface topography. The basic working principle of this technique

is to scan a nano-scaled tip, located at the end of a cantilever, over the surface of the sam-

ple. Due to the high accuracy needed, this is commonly achieved by piezo-electric drivers.

The particular interaction of the tip and the surface depends, among other quantities, on

the distance between them. For short distances (< 1 nm typical) the repulsive Coulomb

interaction is predominant. For larger distances (1 . . . 10 nm typical) the attractive van der

Waals interaction is predominant.

The interaction of the tip and the sample surface yields a deflection of the cantilever, which

is recorded by a photo diode as elongation of the reflection of a laser beam that aims at the

reflecting top site of the cantilever. This signal is either just recorded (constant height mode)

or routed to a closed-loop, that controls the height for constant signal (constant force mode).

For our purpose the latter is more common. In general, there are three modes of operation for

topographical surface observation: (i) In contact mode the tip is driven in the repulsive regime

close to the sample - in contact to it. This yields good resolution, but also strong erosion of the

tip. (ii) In non-contact mode the cantilever is brought in to resonant vibration by an external

source. A variation of the tip-to-sample distance yields a shift of the resonant frequency,

which is hence providing information on the topography of the sample. Since the non-contact

mode relies on rather weak tip-surface interaction, it shows virtually no erosion of the tip,

but, on the other hand, commonly requires operation in vacuum. (iii) the intermittent contact

mode is quite similar to the non-contact mode. It also makes use of a vibrating cantilever. In

contrast to non-contact mode, the excitation is commonly not resonant and a change in the

amplitude or the phase of the cantilever oscillation is used as indicator for the tip-to-sample

distance. As the naming already tells, this mode is operated at intermittent tip-to-sample

distances. In comparison to the non-contact mode, this increases the tip-to-sample interaction

and hence allows operation also in ambient atmosphere. Compared to the contact-mode the

intermittent mode provides still reasonable sensitivity, but significantly reduces tip erosion.
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The AFM measurements used in this work were all done in intermittent contact mode

using constant force mode. They were carried out in ambient atmosphere on a XE-70 system

by Park Systems. Prior to measurement the samples have been rinsed with IPA and de-

ionized water. A scan area of 10µm2 and a resolution of 512 × 512 pixel were used. This

yields a pixel size of around 20 × 20 nm. The scan rate was typically set to 0.2 lines per

second, resulting in a total scan time of about 45 min. For data analysis the open access

software Gwyddion [130] was used.

3.2.4 Solar Cell Analysis

This section introduces the characterization techniques used for solar cells. Additionally the

light soaking procedure, used to quantify the light induced degradation of the cell perfor-

mance, is explained. Some cells were also subjected to optical measurements, which are

explained in sec. 3.2.2.

J-V -measurement Like for other energy converting devices, the most important parame-

ter of a photovoltaic cell or module, is its conversion efficiency, η, particular with respect to

application and benchmarking. As it depends on external parameters such as device temper-

ature, irradiance and spectral distribution of the insolation, the rating of η must be related to

the particular conditions during measurement. Moreover, for practical reasons the conditions

during measurement should be close to those during outdoor operation of the photovoltaic

device. For that purpose, the standard test conditions (STC) for rating terrestrial photo-

voltaic devices have been established world wide . They comprise the device temperature,

T = 25 ◦C, the irradiance, E = 1000 W/m2 and the spectral distribution of the AM1.5g (”air

mass 1.5 global”) reference spectrum, according to the international standard IEC 60904-

3 [131]. The term AM1.5g denotes the spectral distribution of the global (diffuse and direct)

sun light at sea level after traversing 1.5 times the atmosphere, i.e. under a solar zenith angle

of 48◦ . It reasonably represents the over-all yearly average spectral distribution for regions

of mid-latitude.

In practice, solar simulators are commonly used to realize an AM1.5g-like insolation. Fig-

ure 3.8 shows the AM1.5g reference spectrum together with a representative spectrum of the

dual source solar simulator used at PVcomB (type WXS-155S-L2 by Wacom (Japan)). The

system is rated class AAA according to international standard IEC 60904-9 [132]. It operates

in steady state mode (i.e. exhibits continuous irradiation) and consists of two individual light

sources, a short arc Xenon lamp and a halogen lamp working in the visual and red-to-NIR

part of the spectrum, respectively. The two light sources are superimposed into one opti-

cal axis by a dichroic mirror. The dual source concept provides the opportunity to balance

the spectral distribution in terms of ”blue-” or ”red-rich”. This is of special interest when



3 EXPERIMENTAL DETAILS 47

 !! "!! #!! $!! %!! &!! '!! (!!! ((!!

!)!

!)*

!)"

!)$

!)&

()!

()*

()"

()$

()&

*)!

*)*

+,-./0,-12,//0/

-/033045/

 
!
!
"

#
 
"

$
%

&
'
(
)

*
+

,
*
$

+
-

6745859:;.1<92=

1>?()#:1/5@5/59-5

13087/13,2A87;0/1B;0;78C

13087/13,2A87;0/1BD5C

13087/13,2A87;0/1B.780:59C

-.7/7-;5/,3;,-

D51E57F3

G79+1G80-F,9:1@,8;5/

>?()#:H

B !!1;01((!!192C

 1I1&!*1JK2L

1!1I11" )#12>K-2L

Figure 3.8: Spectral distribution of solar irradiance. The black line shows the AM1.5g
reference spectrum according to the international standard IEC 60904-3:2008. The green
line represents the measured spectral distribution of the irradiance of the dual source solar
simulator used at PVcomB. It consists of two sub-spectra originating from a Xe-lamp (blue
line) and a halogen lamp (red line), which are superimposed by a dichroic mirror.

measuring tandem cells, as it allows the elimination of the spectral mismatch between the

reference spectrum and the simulator spectrum with respect to the top and the bottom cell,

individually. Actually, this adjustment is an essential part of our solar simulators calibration

routine. To ensure a certain temperature (25 ◦C in the case of STC), the device under test

is fixed on a temperature controlled copper-chuck (electrically isolated by a Kapton sheet).

Each single solar cell is subsequently connected in four-wire mode to a source-measure-unit

by an automated switching device. The measurement of the current density - voltage (J-

V ) characteristic is realized by a voltage-sweep while the corresponding current is measured

step-by-step.

External Quantum Efficiency The external quantum efficiency of the cells is measured

in a home-built system. The basic working principle is as follows: The cell is illuminated

by a chopped monochromatic probe beam and a constant bias light. The latter is needed

for measuring multi-junction devices, i.e. a-Si:H/µc-Si:H tandem cells. The resulting total

photo-current, filtered at the chopper frequency, is recorded by a lock-in amplifier. This

technique has a much better signal-to-noise ratio then a direct measurement of the cell current.

Moreover, it allows the separation of the DC current part induced by the bias-light. The
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system also offers the possibility to apply a defined bias-voltage across the cell. Details on

the particular setup can be found elsewhere [133]. Illustrative and detailed descriptions of

the special situation of determining the EQE of multi-junction devices were made, e.g., by

Pravettoni et al. [134] and Shah [135].

Light Soaking In sec. 2.2.1 it was mentioned that a-Si:H-based solar cells exhibit a light

induced degradation due to the Staebler-Wronski effect. For rating the performance of such

devices it is hence crucial to consider this effect. The amount of this degradation depends on

the light intensity and the device temperature during degradation [63]. To allow a quantitative

interpretation of the effect a standardized procedure is commonly applied. It comprises an

irradiance of ≈ 1000 W/m/2 and a device temperature of 50 ◦C. The samples are commonly

subjected to this conditions for 1000 h and are afterwards often referred to as “stable” or

“stabilized”. Due to the reversability of the effect, this is somehow missleading. We will refer

to the process as light soaking. 1000 h is a rather long periode, particular when feedback for

further device adaption is needed. Therefore, we got used to reduce the light soaking duration

to 168 h (1 week), unless we were not interested in the ultimate result. Figure 3.9 shows the

efficiency of different devices containing an a-Si:H based cell as function of the light soaking

time. As can be seen, in all cases the majority of the effect as observed after 1000 h of light

soaking did already occur after 168 h. We take this as legitimation for our approach.

Figure 3.9: Light induced degradation as a function of light soaking time for several a-
Si:H-based devices. Red refers to a-Si:H single junctions and blue to a-Si:H/µc-Si:H tandem
devices. The data for 1× 1 cm2-sized cells (circles) and mini modules (squares; cf. sec. 7.1)
are shown. The graph is taken from one of our publications [136].

The light soaking itself is carried out either in a large system by Hönle UV Technology

using air cooling to maintain the sample temperature or a small home-built system equipped

with a water cooling. The latter is preserved to long term investigations and also allows

to vary the irradiance and sample temperature over a wider range (see ref. [137] for further
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information). Both systems make use of the same light source type, namely a metal-halide

lamp and use a closed-loop to regulate the sample temperature, which is measured directly

at the back contact of the devices under test. The spectral distribution of the irradiance is

in accordance with class C according to international standard IEC 60904-9 [132]. The light

intensity is set for to have an implied photo current density in the top cell of an representative

a-Si:H/µc-Si:H cell that equals that under AM1.5g. We refer to this as 1 sun equivalent. For

all samples presented in this thesis the light soaking conditions were fixed at 50 ◦C sample

temperature and 1 sun irradiance.
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4 Post-deposition Thermal Treatment of sputtered ZnO:Al

In this section, the post-deposition thermal treatment of sputtered ZnO:Al is discussed from

a material point of view. First, a brief review of earlier works is given in sec. 4.1. Sec-

tion 4.2 presents a systematic study on the interdependence of the ZnO:Al film thickness

and variations of annealing time and temperature in the post-deposition thermal treatment.

We suggest a model which allows a comprehensive interpretation of the changes found in

charge carrier density and mobility upon the different ZnO:Al annealings. The technological

relevance of the results is evaluated in terms of two different figures of merit. As texture

formation of the ZnO:Al is crucial to introduce light trapping in thin film Si solar cells the

influence of the post-deposition annealing procedure on the wet-chemical texturization was

studied for different sequencings. The results are presented in sec. 4.3.

4.1 State of the Art

There are many publications on post-deposition thermal treatment of ZnO in different atmo-

spheres. Different findings were made concerning the influence of the annealing on the (opto-)

electronic properties. Increased conductivity was mainly observed for annealing at moderate

temperatures (T ≤ 350◦C) in inert atmospheres [138]. At higher temperatures, this was

only achieved by some groups for annealing in hydrogen (containing) atmospheres [139–141]

or vacuum (T ≤ 500◦C) [142, 143] whereas e.g. Minami reported a decreased conductivity

after annealing in hydrogen atmosphere or vacuum [23] . The use of oxygen (containing)

atmospheres or nitrogen [139,141,144] generally led to a decrease in conductivity. The degra-

dation was found to be reversible by subsequent annealing in hydrogen [23,145]. Looking at

all these findings it becomes obvious that the presence of (even small amounts of) oxygen

during annealing is the main driver for decreased conductivity. Minami [23] and Takata [145]

explained this by chemisorption of oxygen at the grain boundaries (and the film surface).

This would lead to the formation of additional acceptor-like defects, hence a stronger grain

boundary scattering lowering the charge carrier mobility. Additionally, the formation of com-

pensating point defects, like oxygen interstitials and zinc vacancies as well as the inactivation

of Al-donors would yields a decrease in charge carrier concentration.

Berginski used vacuum annealing to reduce the carrier concentration (i.e. to increase the

transparency at the expense of sheet resistance) of ZnO:Al films used as front electrode in

(a-Si:H/)µc-Si:H based solar cells [44, 146]. In 2007 Lee et al. found the beneficial effect of

a Si-capping during annealing on the carrier mobility of ZnO:Al [12]. Based on this work,

a systematic study on the influence of the capping layer material and thickness as well as

the annealing duration and temperature was conducted [13, 147]. Wimmer et al. combined

annealing without and with a protective a-Si:H-capping layer in a 2-step post deposition
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treatment procedure [14,128]. With this approach the charge carrier concentration could be

adjusted while, at the same time the mobility was generally improved. Therefore, tailoring

the (generally improved) opto-electronic properties of ZnO:Al in terms of balancing high

transparency and low sheet resistance was possible. The implementation of such annealed

ZnO:Al as a front-electrode in a-Si:H/µc-Si:H based thin-film solar cells is the main scope of

this thesis.

4.2 Systematic Variation of Film Thickness and Annealing Conditions

The data presented in this section are based on a systematic study addressing the influence of

varying thermal treatment conditions and layer thicknesses on the opto-electronic properties

of ZnO:Al films. The original experimental work was conducted by Welker as part of his

master thesis [120] which was supervised by the author of the present work. The ZnO:Al films

were deposited on Corning Eagle XG glass substrates with a thickness of 1.1 mm using the in-

house process including a SiOXNY-layer. The ZnO:Al film thickness was varied between 360

and 720 nm (nominal thickness). Moreover, different plateau temperatures and durations were

applied for the thermal degradation as well as the subsequent annealing under Si-capping.

In the following the specific heat treatments are referred to by the notation Tann[◦C]/tann[h],

whereas tann = 0 describes a thermal cycle without plateau, i.e., cooldown immediately after

the peak temperature was reached.

4.2.1 Characterization of the ZnO:Al Layers in the as-deposited State

Before subjecting the ZnO:Al layers to different annealing sequences they were investigated

in the as-deposited state. In particular, the influence of varying thickness was examined. The

optical data of the samples in the as-deposited state are presented in fig. 4.1. As expected

the absorption generally increases with thickness, thus narrowing the optical window of the

ZnO:Al particularly in the NIR where the FCA takes place.

Figure 4.2 shows the electronic parameters ne, µ and ρ derived from hall measurements

as a function of the film thickness. The values for ne and µ scale with film thickness, being

≈ 3.50 cm−3 / 28 cm2

Vs and 3.75 cm−3 / 32.5 cm2

Vs for the 358 and 692 nm sample, respectively18.

However, the trend in ne is very small and hence not reliable. It will not be discussed.

The evolution of µ with dfilm can be understood as a bulk effect. It is often interpreted

as a direct consequence of less grain boundary scattering due to increasing crystallite size

and higher crystallinity with increasing thickness [148,149]. For instance, Minami shows the

evolution of µ together with the characteristic grain size (derived from quantitative XRD-

18The values for the 531 nm sample don’t follow this trend. This is ascribed to a slightly lower substrate
temperature during the deposition. The sample was prepared as first in the row. At presence, a preheating of
the substrate carrier avoids this effect. Unfortunately, this was not yet implemented at the time these samples
have been made. However, it will not affect the general findings presented in this section.
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Figure 4.1: Transmittance, reflectance and absorptance of ZnO:Al films with different
thickness on SiOXNY coated glass as a function of wavelength. The arrow indicates the
narrowing of the optical window in the NIR for increasing thickness as the major effect with
respect to solar cell application . Absorption was calculated according to eq. (2.23). For
comparison, the transmittance of the bare glass substrate has been added to the plot (black,
dashed line).
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Figure 4.2: Electronic properties of ZnO:Al layers in the as-deposited state as a function
of layer thickness.
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analysis) with film thickness for PLD-grown ZnO:Al samples [148]. In her PhD thesis, Ding

investigated this trend for LPCVD-grown ZnO and ZnO:B [39]. She also found a correlation

of the Hall-mobility with thickness, i.e. grain size (derived from SEM images in this case).

In fig. 4.3 XRD-data, i.e. a θ− 2θ scan, of a 360 and a 720 nm sample in the as-deposited

state are presented together with a powder diffraction pattern of ZnO. For better comparison

all data are normalized to the maximum intensity of the (002)-reflection. As can be seen

by comparing to the powder diffraction pattern, both ZnO:Al films are predominantly 〈001〉-
oriented perpendicular to the film surface. This preferential orientation is well known for

ZnO grown by sputtering on foreign substrates [9,38,128,150–153]. The intensity ratio of the

(103) to the (004) peak is higher for the 358 nm sample. This indicates a lower preferential

〈001〉 orientation for thinner films, which is also evident considering that all films originate

from the disordered nucleation layer at the bottom of the ZnO:Al films. In other words, 〈001〉
oriented growth develops with increasing thickness. The extent to which this evolution is a

real bulk effect or just stemming from less relative contribution of the disordered nucleation

layer can not be distinguished by this simple comparison of the peak intensities.

The center position and the FWHM of the (002)-reflex is presented in fig. 4.4. The data

was derived by fitting a pair of Pearson7 functions [154] to the Kα doublet. A Gaussian

centered at 2θ ≈ 35.8 ◦ accounting for the unknown peak as well as a linear background have

been included in the data fit. The position of the (002)-reflex increases with film thickness,

but stays below that of the powder diffraction pattern (2θ = 34.435 ◦; grey horizontal line in

(a) ). This could be interpreted as tensile stress along the [001]-direction which relaxes with

increasing film thickness19. On the other hand, the FWHM increases with film thickness. The

evolution of the electronic properties with growing film thickness (cf. fig. 4.2) seems to be

contrary as increasing FWHM points at a somehow decreased crystalline quality. However,

the range of variation in FWHM with film thickness is rather small and its validity is limited

to the 〈001〉-direction.

The thermal treatment leads to a nearly constant shift of the peak position to higher

values. Thereby, the increase is stronger than the variation with film thickness found for the

as-deposited samples, but again the values stay below that of the powder diffraction pattern.

The FWHM clearly decreases, hence pointing to a better crystallinity as one would expect

from the improvement in the electrical data. But, as before care needs to be taken when

interpreting this correlation with respect to the constraints already discussed for the XRD

data of the thickness series.

To conclude the investigation of the samples in the as-deposited state, the electronic prop-

erties of the ZnO:Al films tend to improve with film thickness. This can be understood by

19Note that the incorporation of Al leads to a widening of the ZnO host lattice [38], i.e., generally reduces
the 2θ-positions of the reflexes compared to those of the intrinsic ZnO powder diffraction pattern.
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Figure 4.3: XRD data (θ− 2θ spectra) of 358 and 692 nm thick ZnO:Al films on SiOXNY

coated glass together with a powder diffraction pattern of ZnO. The reflexes of the powder
diffraction pattern are labeled with the (hkl)-triplets of the corresponding crystallographic
orientation. All data are normalized to the peak intensity of the (002)-reflex at 2θ ≈ 34.4 ◦.
For better reading the data are vertically offset and the film spectra are magnified by a
factor of 100 for 2θ > 40 ◦.
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Figure 4.4: (a) 2θ position of the Cu-Kα1 induced (002)-reflex and (b) the according
full width at half maximum as a function of the ZnO:Al film thickness in the as-deposited
state (full symbols). For the thinnest and thickest sample series data taken after a strong
thermal treatment (550/0 thermal degradation followed by a 650/6 capped annealing) are
also included (open symbols). The data was derived by fitting a pair of Pearson7 functions
to the Kα douplet. The grey horizontal line in (a) represents the (002)-position taken from
the powder diffraction pattern already presented in fig. 4.3.



4 POST-DEPOSITION THERMAL TREATMENT OF SPUTTERED ZNO:AL 55

taking into account the existence of a highly disordered nucleation layer from which pref-

erential 〈001〉-oriented crystal growth emerges. As a consequence thinner samples exhibit

a higher resistivity being around 6.3·10−4 Ωcm compared to 5.2·10−4 Ωcm for the 358 and

692 nm series, respectively. With respect to the changes of the electronic properties under

different thermal treatments, the thickness dependent variation in the as-deposited state will

only be of minor influence as we will see in the following.

4.2.2 Electronic Properties after Thermal Treatment

For most of the samples, the post deposition treatment started with a thermal degradation

and was followed by the annealing under capping. The effect of the procedure on the electronic

properties of the ZnO:Al films can be well summarized by regarding the mobility as a function

of the charge carrier density. Such a plot is presented in fig. 4.5 including all variations of

film thickness, treatment sequences and states. For clarity, the data of the as-deposited and

thermally degraded state is limited to one representative sample per variation.
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Figure 4.5: Mobility as a function of charge carrier density for the ZnO:Al films of dif-
ferent thickness in the as-deposited state (black asterisks) and after application of thermal
degradation (open, colored symbols), cap-annealing (black, filled symbols) and 2-step an-
nealing (filled, colored symbols). The numbers above the data points indicate the nominal
film thickness (1, 2, 3 and 4 for 360, 450, 540 and 720 nm, respectively). The grey dashed
lines represent lines of constant resistivity ranging from 2 to 10 · 10−4 Ωcm and labelled
accordingly at the top of the graph.)
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After thermal degradation, all samples exhibit lower mobility and reduced charge carrier

density with respect to the as-deposited state. The degradation increases with higher treat-

ment temperatures and is stronger for thinner samples. Comparing the data for 500◦C/6 h

and 550◦C/0 h degradation, a lower annealing temperature, to a certain extent can be com-

pensated by the presence of a plateau time. After strong thermal degradation the charge

carrier density shows values as low as 1.43 · 1018 cm−3. This is a reduction of more than two

orders of magnitude. The degradation of mobility seems to saturate at a certain intensity of

the treatment and approaches values around 3 cm2

Vs , whereas higher intensities are needed for

saturation with thicker samples. As a consequence, for some samples, the resistivity reaches

values above 1Ωcm after thermal degradation. This corresponds to a sheet resistances above

10 kΩ (even for the thick samples). Thus, these samples can not be applied as front electrode

in solar cells.

For the 360 and 450 nm series, cap-annealing was also applied without preceding thermal

degradation (black, full symbols in fig. 4.5). These samples show an increase in charge carrier

density by a factor of ≈ 1.5 accompanied by a higher mobility, which is exactly the opposite

behavior to the thermal degradation20. The slightly higher µ and ne of the 450 compared

to the 360 nm samples in the as-deposited state is still present after the cap-annealing21.

A higher treatment intensity leads to higher mobilities (up to 51 cm2

Vs ; corresponding to an

increase of 40 %) accompanied by a slight reduction in the charge carrier density compared

to low treatment intensity. As a result, the resistivity could be reduced by more than 50 % in

all cases, reaching values below 2.5·10−4 Ωcm for the 450 nm samples at intensive treatments.

This corresponds to RS < 5.6 Ω, which is well suited for cell application.

The last group of data represents the samples subjected to 2-step annealing (colored,

full symbols in fig. 4.5), i.e. subsequent cap-annealing of the thermally degraded samples

already discussed. With respect to the as-deposited state, the only general finding is a

gain in mobility. For fixed cap-annealing conditions, the charge carrier density generally

decreases with increasing intensity of the preceding thermal degradation. On the other hand,

for fixed thermal degradation conditions, it increases for stronger cap-annealing treatment.

Regarding the dependence of mobility on charge carrier density two characteristic sub-sets can

be distinguished. The first, located at rather low values of ne = 1 . . . 2.2 ·1020 cm−3 comprises

the treatment variations where the temperature applied during thermal degradation was

higher or equal to that applied during cap-annealing. With respect to the different variations

in thermal degradation it shows a slightly negative trend in µ with increasing ne. Accordingly,

the highest mobility of µ = 60 cm2

Vs within this sub-set is reached for the rather low value of

20Note the only difference between these two treatments is the presence of the 100 nm intrinsic a-Si:H capping
layer in the case of cap-annealing. This clearly demonstrates the outstanding role of the capping.

21The only exception to this finding is the charge carrier density determined for the 360 nm sample after
the 600◦C/6 h cap-annealing (black, full circle labeled with 1). The reason for this deviation from the general
trend is not known.
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ne = 1 · 1020 cm−3. Despite this remarkably high mobility (almost doubled with respect to

the as-deposited state), due to the low charge carrier density the resulting conductivity is

reduced by a factor of 0.5, hence being less attractive for solar cell application. However,

these samples are highly interesting for investigation of the transport properties, as they lie

on the lower edge of the mobility window limited by grain boundary scattering (cf. sec. 4.2.3).

Following this interpretation, those samples should exhibit a rather low density of

acceptor-like defects at the grain boundaries as they still possess high µ. This is remark-

able since the low ne suggests high compensation of the AlZn-donors, i.e. the ZnO:Al is

oxygen-rich. Oxidation of the Al during thermal degradation would also explain the phenom-

ena but is very unlikely a dominating process since thermally induced reduction of Al-oxides

during cap-annealing can be excluded as the reason for the recovery of ne with respect to

typical binding energies of Al-O. The coexistence of low defect density at the grain bound-

aries and oxygen-rich conditions within the grains points at different mechanisms related to

the particular phenomenon. The reduction of grain boundary defects, either being already

present in the as-deposited state or formed during thermal degradation, seems to be (par-

tially) reversible already for Tcap−ann. ≤ Tth.deg.. In contrast to that, the recovery of ne seems

to scale with the temperature applied during cap-annealing, whereas the achieved values are

generally lower when the preceding thermal degradation was stronger.

The second sub-set of 2-step annealed samples accordingly comprises of variations with

cap-annealing temperatures above those applied during thermal degradation. In contrast to

the first sub-set, these data generally show a positive dependence of µ on ne. This holds

true for both increasing intensity of the cap-annealing and same thermal degradation as

well as (with lower slope) decreasing intensity of the thermal degradation and fixed cap-

annealing. Consequently, the highest mobilities and charge carrier densities within this group

are achieved by combining the weakest thermal degradation and the strongest cap-annealing,

reaching values of 64.5 cm2

Vs and 4.4 · 1020 cm−3, respectively. Compared to the as-deposited

state, this yields a reduction of the resistivity by almost 60 % to 2.2 · 10−4 Ωcm. Besides this

remarkable result it is also noteworthy that all samples of this sub-set exhibit an increase in

conductivity.

4.2.3 Mechanism of Thermal Treatment

Based on the observation made on the influence of annealing on mobility and charge carrier

density we propose the following model.

An as-deposited ZnO:Al exhibits a free charge carrier density resulting from intrinsic (i.e.

VO and Zni) and extrinsic (i.e. AlZn) n-doping. Part of those donors are compensated by

acceptors (i.e. VZn and Oi) or remain in an inactive configuration (e.g. by formation of
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Al-O complexes22) [20]. According to first-principles calculation of the formation energies by

Lany and Zunger [155] the compensation of donors is dominated by zinc vacancies. Whereas,

Noh et al. showed that oxygen interstitials were the main reason for compensation in their

experiments [156]. Therefore, the density of ionized impurities is always higher than the

free carrier density (assuming predominantly AlZn donors, i.e. neglecting multiple charged

donors). In other words the doping efficiency is not only limited by inactive donors but also

by compensating acceptors.

The charge carrier density, ne, can be increased by annealing, whereas the partial pressure

of oxygen has to be kept as low as possible to prevent the formation of additional compensating

acceptors and possibly also the elimination of existing donors. This can be realized, for

instance, by capping the ZnO:Al films with a protective layer. In this work, an approximately

100 nm thick a-Si:H layer deposited by PECVD was used for that purpose. The subsequent

annealing was carried out for up to tann = 24 h in a N2-rich atmosphere at temperatures

up to Tann = 650 ◦C and at atmospheric pressure. As a result, the charge carrier density

is generally improved. This can be explained by an activation or formation of donors and

the elimination of compensating acceptor states. Additionally increasing carrier mobility was

observed for most of the samples after capped annealing. Neglecting the influence of the grain

boundary scattering (which is indeed a very rough assumption), the increased mobility can be

understand as a consequence of reduced IIS. This would be a hint to eliminated compensating

acceptor states being the dominant process during the capped annealing as this is the only

way for reducing the density of ionized impurities while increasing ne at the same time.

Moreover, a thermal activation (i.e. reduction) of the relatively stable Al-O compounds is

very unlikely. In the case of annealing without a protective capping layer, i.e. high oxygen

partial pressure, ne decreases usually accompanied by a reduced µ. The former is very likely

due to the elimination of intrinsic donors as well as the formation of compensating acceptor

states. The deactivation of Al-donors via oxidation also has to be considered. The decreased

mobility is a consequence of the increased grain boundary scattering, i.e. a broadening of the

depletion zone at the grain boundaries (in terms of the Seto-model).

4.2.4 Optical Properties after Thermal Treatment

Of course, all these changes in electronic properties that were observed in sec. 4.2.2 are

closely related to changes in the optical properties of the ZnO:Al films (cf. sec. 2.1.5). To

demonstrate this influence, the absorptance data of differently treated samples of similar

thickness are presented in fig. 4.6. Compared to any annealed samples, the non-annealed

one exhibits a remarkable absorptance tail in the sub band gap region (hν = 3.7 . . . 2.7 eV).

22It is worth noting that the oxidation of an Al-atom after film growth generally implies the formation of
oxygen vacancies, hence would have a reduced (or no) net effect on the free carrier density
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Figure 4.6: Absorptance of different ZnO:Al films on SiOXNY coated glass as a function of
photon energy. The ZnO:Al film thickness for all samples shown ranges from 419 to 440 nm.
The dashed lines represent values obtained after thermal degradation (if any). The solid
lines show the absorptance after subsequent cap-annealing for 6h at 500 (light color) and
650 ◦C (dark color). The absorptance of a SiOXNY coated glass without ZnO:Al layer is
added for reference.

The narrowing of this absorption tail upon any annealing is generally ascribed to healing of

defects in the ZnO:Al. This is also observed for samples exclusively subjected to thermal

degradation and is hence not related to the presence of a protective capping layer. The

microscopic origin of this effect is still under investigation. Recent annealing experiments

conducted in our group based on a variation of deposition temperature and the admixture of

oxygen, nitrogen and hydrogen during ZnO:Al growth, and assisted by Raman spectroscopy

lead to the assumption that healing of extended defects in the crystalline structure rather

than of point defects related to doping is responsible for the narrowing of the absorption

tails [157–159]. Moreover, it was found that these tails show an exponential decay. Following

the Urbach formalism their width can be described by a distinct Urbach energy [160]. For

more details on this particular topic refer to the work of Schönau [161].

Regarding the samples in the thermally degraded state (dashed lines) a decrease in free

carrier absorption with increasing treatment temperature can be observed in the low energy

part of the plot. This is qualitatively in accordance with the reduction of ne observed ex-

perimentally by the Hall-effect measurements. For the samples thermally degraded at 500
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and 550 ◦C there is no more significant FCA observable when compared to the data of the

SiOXNY coated glass reference. This trend is also represented by the onset of the fundamental

absorption edge, when coming from high energies. The decaying absorptance towards lower

photon energies on the other hand is steeper for stronger thermal degradation. This difference

is also present for the two samples degraded at 500 and 550 ◦C, which showed no observable

difference in the carrier density related optical properties. Hence, this result supports the

hypothesis, that the tailing is due to defects that are not related to the doping and that

can be healed upon annealing. In the visual spectral region (hν = 1.5 . . . 2.5 eV), all sam-

ples subjected exclusively to thermal degradation show a very similar low absorptance. The

remaining features are related either to characteristic absorption peaks originating from the

glass substrate (hν = 0.5 . . . 0.6, 0.9, 2.6 eV, cf. fig. 3.1) or interference effects in the ZnO:Al

film (pronounced oscillations for hν = 1.5 . . . 2.5 eV)23. Both features are also observable in

the data of all other ZnO:Al films presented in fig. 4.6, but are more or less superimposed by

FCA or sub band gap absorption.

The absorptance data for the samples subjected to thermal degradation and subsequent

cap-annealing (i.e. 2-step annealing) demonstrate the (partial) recover of the charge carrier

density, already observed by the Hall-effect measurements. Thereby a stronger preceding

thermal degradation leads to lower charge carrier density, as indicated by lower FCA and

a smaller band gap energy (again with respect to the onset of the decay in absorptance

for decreasing photon energy) for a fixed cap-annealing procedure. A higher cap-annealing

temperature on the other hand promotes the increase in ne, hence FCA and band gap energy.

The variations in the absorptance data due to different thermal degradation become smaller

for stronger cap-annealing but qualitatively still remain. The narrowest slope at the band

gap is observed for the strongest thermal degradation followed by the weakest cap-annealing.

Note that samples from this treatment regime (i.e. Tcap−ann. ≤ Tth.−deg.) had unusual trends

in their electronic properties, i.e. high mobility at rather low charge carrier density (cf.

fig. 4.5). For higher cap-annealing temperature the slope is not that narrow.

Apart from the vicinity of the band gap, all samples that where annealed without cap-

ping at some stage show a lower absorptance compared to the non-annealed sample. Note-

worthy, two of these 2-step annealed samples exhibit a higher charge carrier density than

the non-annealed ZnO:Al film. However, the higher mobility in these samples leads to a

lower maximum value and a stronger decay of the FCA peak [162], overcompensating its

shift towards higher photon energy. In contrast to that the ZnO:Al layers that were exclu-

sively cap-annealed, show a higher absorptance away from the band gap compared to the

23The presence of interferential effects in absorptance data obtained from separate measurements of trans-
mittance and reflectance is commonly interpreted as an artifact due to imperfect repositioning of the sample
in combination with non-uniform film properties. However, we would like to note that such effects can also be
understood as a real phenomenon.
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non-annealed sample. For the FCA, in the low energy part of the spectrum this can be ex-

plained by the strong increase in charge carrier density, which also leads to the high band

gap energies obtained for these samples. It is noteworthy that these samples, in contrast to

thermally degraded ones, show a reduction of the absorptance with increasing cap-annealing

temperature. This is in accordance with the (slight) decrease in charge carrier density for

stronger cap-annealing exclusively observed for this group of samples (solely cap-annealed).

Additionally, these samples exhibit a pronounced absorptance in the visual part of the spec-

trum (hν ≈ 1.9 . . . 3.2 eV), whose magnitude scales with FCA, i.e. charge carrier density.

Absorption in visual part of the spectrum is a known phenomenon for ZnO:Al being sput-

tered e.g. with oxygen deficiency (metal-rich) [163] or in an atmosphere containing residual

gases like nitrogen [164]. However, in the present case the absorption is clearly a result of

the cap-annealing. An incorporation of impurities, like nitrogen is very unlikely or should be

even more pronounced for the thermal degradation step, which is carried out without capping

layer. Since the charge carrier density is strongly increased for this group of samples, a rela-

tion to the high doping level is very likely. For instance, the formation of metallic complexes

containing Zn and/or Al can be imagined. However, the origin of this additional absorption

remains speculative and needs further investigation.

To evaluate the results with respect to application of the annealed ZnO:Al films as front

electrode in solar cells, fig. 4.7 shows the absorptance and electronic properties for a compi-

lation of reasonable samples including several ZnO:Al thicknesses and annealing procedures.

The solid curves represent samples with similar sheet resistance (RS = 7.0 . . . 7.6 Ω), hence

these samples are equivalent for cell application from an electrical point of view. All treated

ones show a marked overall reduction in absorptance compared to the non-annealed reference.

In the NIR, this is due to lower FCA thanks to either lower charge carrier density or film

thickness (or both) and to increased mobility. The samples with higher charge carrier density

and reduced thickness additionally show a broadening of the optical window in the band gap

region. Finally, all these samples exhibit lower sub band gap absorption. Note that the sam-

ple that was exclusively cap-annealed indeed shows a higher absorptance away from the band

gap edge compared to other treated samples. Nevertheless, with respect to the non-annealed

ZnO:Al film, the absorptance is still reduced except for the region λ = 470 . . . 620 nm where

a slight increase is observable.

All in all, these results demonstrate the potential benefit of the annealing procedure, since

it enables a reduction in the parasitic absorption in ZnO:Al films applied as front electrode in

solar cells, and hence an increase in the photo current density while at the same time the low

sheet resistance can be conserved. The remaining data in fig. 4.7 (dotted and dashed line)

demonstrates the versatility of ZnO:Al annealing. The sample represented by the dotted line

shows a remarkably low sheet resistance (RS = 3.1 Ω, i.e. ρ = 2.1 · 10−4 Ωcm) while at the
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Figure 4.7: Absorptance of different ZnO:Al films on SiOXNY coated glass as a function of
wavelength. The shown wavelength interval represents the region of interest with respect to
light harvesting in Si-based solar cells. The solid lines represent samples with similar sheet
resistance (RS = 7.0 . . . 7.6 Ω). The dashed and dotted lines show the absorptance of the
sample with the lowest (RS = 3.1 Ω) and highest sheet resistance (RS = 27.6 Ω) after 2-step
annealing. The particular values for RS, ne and µ as well as the nominal thickness and kind
of treatment are included in the legend. Note that both axes are broken to emphasize the
residual absorption in the optical window and the behavior in the vicinity of the band gap.

same time film thickness was maintained and short wavelength absorptance (for λ < 500 nm)

even reduced compared to the non-annealed reference sample. The sample represented by the

dashed line on the other hand exhibits a very low FCA while possessing a sheet resistance of

RS = 27.6 Ω which is still reasonable for application as a front electrode in solar cells.

4.2.5 Technological Evaluation of the Results

In sec. 4.2.2/4.2.4 it was shown, that the annealing procedure provides the possibility to vary

the opto-electronic properties of sputtered ZnO:Al films over a wide range. This creates the

need to define a quantitative measure, i.e. a metric, of the opto-electronic film properties

with respect to application of the ZnO:Al as front electrode in solar cells. Of course, this is

not a new issue in the general context of TCOs. There are several ways to define a figure

of merit (FoM) in order to rate a TCO’s fitness. For instance the FoM proposed by Haacke

(ΦH = T 10/RS) [165] is often used. Refer to Barnes for a brief review of different FoMs in the

context of transparent conductors in general [166]. In the following we will evaluate the data
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presented in sec. 4.2.2/4.2.4 in terms of another widely used FoM, which was developed by

Jain [167] and promoted by Gordon [168] as well as in terms of a current density equivalent

expression accounting for the absorptive loss in a front TCO with respect to the particular

(representative) EQE of the underlying cell technology [166].

Jain’s figure of merit is defined as [167]

ΦJ =
σ

α
= −

[
RS ln

(
T

1−R

)]−1

, (4.1)

which is simply the ratio of conductivity and absorption coefficient. Both quantities, and

thus ΦJ, are material properties and hence are not dependent on the TCO film thickness.

This is a ideal assumption, as we have already discussed throughout this section. The right

side of eq. (4.1) follows from the Lambert-Beer law, eq. (2.25). Moreover, by applying the

Drude theory and accounting for FCA, as the only absorption mechanism, an upper limit

of this FoM can be written as

ΦJ(ω) =
√
ε∞ε0c

(
m∗µ

e

)2

ω2 . (4.2)

Note that there is no dependence on charge carrier density. Following this expression, the

FoM exclusively depends on µ and m∗ (i.e. the relaxation time, τ , cf. eq. (2.3)), and ε∞.

This is an interesting result with respect to the annealing procedures, which generally tends

to higher mobility, whereas the remaining two quantities do not allow much variation for a

common TCO.

Despite both ΦH and ΦJ being widely used, there is no general recommendation on the

wavelength (range) that should be used to determine α. In literature, the α is often referred

to the value at λ = 550 nm (sometimes averaged/smoothed to get rid of the interferential

oscillation in T and R). Obviously, this would be an unsatisfying definition for our purpose.

Thus, we will rely on the commonly used definition of solar weighted quantities:

Tsolar =

∫
T (λ) · ESTC(λ)dλ∫

ESTC(λ)dλ
, (4.3)

where T (λ) is the measured transmittance of the TCO (on substrate) and ESTC the stan-

dardized solar spectrum (cf. sec. 3.2.4). Similarly, Rsolar is calculated from R(λ). As before,

in the context of a-Si:H/µc-Si:H tandem cells the wavelength range between 300 and 1100 nm

is an appropriate choice for the lower and upper integration limit, respectively.

Figure 4.8 shows the conductivity as a function of the solar weighted absorption coefficient,

αsolar. The latter is calculated in accordance to eq. (2.25) by using Tsolar and Rsolar. It is

noteworthy that this method attributes the overall absorption in the glass and the SiOXNY
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Figure 4.8: Conductivity (σ) as a function of solar weighted effective absorption coeffi-
cient, αsolar. The plot includes data of samples with different nominal ZnO:Al film thickness
(symbol color) prior to annealing (open symbols), after cap-annealing (half right filled sym-
bols) or after 2-step annealing (full symbols). The dashed lines are lines of constant ΦJ.
The particular values of ΦJ are given in Siemens by the framed numbers. The arrows in-
dicate the general trend in the treatment conditions. The grey lines are guides to the eye
and connect data with same treatment conditions but different nominal ZnO:Al film thick-
ness. The numbers indicate the particular treatment. The notation is [thermal degradation
(◦C/h); cap-annealing (◦C/h)]. The absorption coefficient was calculated according to the
right hand side of eq. (4.1) by inserting Tsolar and Rsolar (eq. (4.3)). The integration limits
were set to 300 and 1100 nm.

and ZnO:Al layer exclusively to the ZnO:Al layer, which is why we denoted it as “effective”.

It is hence an approximation only valid if the ZnO:Al absorption is much greater than that of

the glass and SiOXNY. As can be seen, for instance, from fig. 4.6, this requirement is hardly

fulfilled, particular for ZnO:Al films with rather low residual absorptance. That is why

the data in fig. 4.8 shows this general pronounced shift to lower absorption coefficient with

increasing ZnO:Al film thickness. In other words, the thickness dependence of the absorption

coefficient and hence ΦJ is biased by the residual absorptance of the substrate. Therefore,

fig. 4.8 is not wholly suited for comparison of the FoM of ZnO:Al films with different thickness.

Note that this is only caused by the way α is calculated. Despite this constraint, the plot

nicely demonstrates the general effects for the different annealing procedures.

Samples exclusively cap-annealed show higher absorption and conductivity compared to

the initial state. For stronger annealing conditions, the increase in αsolar gets smaller while at
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the same time σ evolves further. For the highest annealing temperature, there is almost no

increase in solar weighted absorption compared to the initial state. With respect to ΦJ (ac-

cording to eq. (4.1)) the cap-annealing procedure generally improves the ZnO:Al properties.

The highest value is achieved for the strongest cap-annealing.

All samples subjected to 2-step annealing show a substantial reduction of the so-

lar weighted absorption coefficient, which tends to be less for weaker thermal degrada-

tion/stronger cap-annealing. The conductivity on the other hand shows a distinct variation

with treatment conditions. For strong thermal degradation followed by mild cap-annealing

the conductivity falls below that of the initial state. Applying milder thermal degradation in

conjunction with stronger cap-annealing leads to a remarkable improvement in ΦJ, being at

best almost fivefold in the case of the 720 nm series. The value of ΦJ is predominantly con-

trolled by the variation in conductivity. For higher values of σ, the improvement in ΦJ is more

and more impeded by the slightly increasing α. Despite that, for all nominal thicknesses, the

highest value of the FoM coincides with the highest conductivity, which is achieved for the

weakest thermal degradation followed by the strongest cap-annealing. The 2-step annealing

allows higher values of ΦJ compared to the samples exclusively cap-annealed. Strong thermal

degradation followed by weak 2-step annealing on the other, hand can even lower the FoM

and is hence inappropriate.

Restricting the treatments to those compatible to float glass, i.e. having Tanneal ≤ 500 ◦C,

still allows a noteworthy improvement in ΦJ. The FoM values after cap-annealing are less

affected by this restriction, hence the best cap-annealing yields similar values for ΦJ compared

to the best 2-step annealing procedure. However, the limitation to float glass compatibility

noticeably reduces the benefit of ZnO:Al annealing.

To conclude, analyzing Jain’s FoM, ΦJ, (cf. fig. 4.8, p. 64) allowed us to quantify the

improvement of opto-electronic properties of ZnO:Al layers due to annealing. However, in

terms of solar cell application, its value remains abstract to some extent. A more meaningful

quantity in this context, is the absorption-related photo current loss [166], which will be

introduced in the next paragraph.

The absorption related photo current loss is defined as [166]

Jloss = e

∫
EQE(λ) ·ATCO(λ) · Φph(λ) dλ =

∫
SR(λ) ·ATCO(λ) · E(λ) dλ . (4.4)

Note the similarity to eq. (2.49), which is used to derive current densities from e.g EQE values.

Actually, Jloss should be interpreted as the loss in photo current density of a particular cell (i.e.

particular EQE), which is implied by the absorption in the front TCO. For the calculations

we used a fixed data set of EQE values, representing the general spectral distribution of the

EQE for an a-Si:H/µc-Si:H solar cell. For the absorptance of the TCO, ATCO, we use the
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absorptance derived from applying eq. (2.23) to the measured transmittance and reflectance

data of flat ZnO:Al layers on glass. It shall be noted, that in the original form of eq. (4.4)

the term (1 − TTCO) is used instead of ATCO [166], but since the transmittance data of flat

ZnO:Al layers exhibits interferential oscillations we felt that the use of the absorptance data

is more reliable in our case. Like for the calculation of ΦJ, the absorption related data also

contains the contributions coming from the glass and the SiOXNY. But this time, since the

absorptance is used instead of the absorption coefficient, this does not lead to any artificial

shift in the data. Moreover, from a technological point of view the absorption of the whole

front substrates is indeed of interest. Note that for the calculation of Jloss the TCO film

thickness is not needed.

Figure 4.9 presents Jloss for the same set of samples as shown in fig. 4.8 as a function

of their sheet resistance. In the semi-logarithmic presentation used here, the data of the

samples in initial state are situated on a straight line (indicated by the upper grey line). The
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Figure 4.9: Solar cell weighted implied photo current density loss in an a-Si:H/µc:Si-H
tandem cell due to absorption in the front contact (Jloss) for annealed ZnO:Al films on glass
as a function of their sheet resistance. The plot includes data of samples with different
nominal ZnO:Al film thickness (symbol color) prior to annealing (open symbols), after cap-
annealing (half right filled symbols) or after 2-step annealing (full symbols). The arrows
indicate the general trend in the treatment conditions. The grey lines are guides to the
eye and indicate the upper and lower boundary as observed from the presented data sets.
Note the logarithmic scale applied to the horizontal axis. Jloss was calculated according to
eq. (4.4). The measured EQE of a representative a-Si:H/µc:Si-H tandem cell was used for
the weighting.
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cap-annealed samples show a tendency towards lower Jloss and RS with increasing treatment

temperature, which means a improvement in both conductivity and transparence, but the

absorptive loss is higher than in the initial state. However, for the highest applied annealing

temperature it is e.g. possible to achieve the sheet resistance of the 720 nm sample in its

initial state with a lower Jloss for the thin cap-annealed sample.

The data of the 2-step annealed samples shows a pronounced lower boundary (indicated by

the lower grey line), with decreasing Jloss for evolving sheet resistance. The thicker samples

are generally arranged at lower values of the sheet resistance, but consequently exhibit a

higher absorptive loss. For each particular thickness set all two-step annealing variation

s lead to a lower absorptive loss. In contrast to the samples exclusively subjected to cap-

annealing, a higher cap-annealing temperature slightly increases the absorptive loss, while the

sheet resistance again decreases. The intensity of the preceding thermal degradation basically

shifts the data along the observed lower boundary. Thereby, stronger thermal degradation

leads to higher RS and lower Jloss (after subsequent cap-annealing).

From a technological point of view this presentation of the data is very convenient. If

the target value of the sheet resistance is known, the best substrate/treatment combination

can immediately be read from the graph. However, at this point it has to be mentioned,

that the calculation of Jloss is a coarse approximation to the real situation within a solar

cell. First we have a different optical situation. For instance the interface ZnO:Al/air is now

a ZnO:Al/Si interface. Moreover, the ZnO:Al/Si surface is commonly textured in order to

achieve good light coupling and trapping. This will lead to higher absorptance also in the

ZnO:Al, particular in the long wavelength region, where the Si-absorbers are getting more

and more transparent and the light path enhancement plays an important role. This will

very likely lead to a distortion of the particular values for Jloss, but we believe that it will

not affect the general trends shown in fig. 4.9. Concerning the absolute values of Jloss they

consequently have to be understand as a lower limit for the real case.

4.3 Interdependence of Annealing and Texture Formation

As already pointed out in Section 2.2.3, when sputtered ZnO:Al is used as front-contact

in a-Si:H/µc-Si:H based solar cells wet-chemical etching of the ZnO:Al in diluted HCl is

the standard approach to introduce sufficient light trapping. The particular topography

formation is known to be very sensitive on sputter conditions. Therefore, it is very likely that

the annealing procedure also affects the topography formation when etching is carried out

subsequently to annealing. This assumption is also supported by the findings of Berginski,

who investigated a modification of the texture formation upon wet-chemical etching after

vacuum annealing (T ≤ 500◦C; without capping layer) in the case of RF-sputtered ZnO:Al

[44].
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In order to investigate this effect with respect to the annealing procedure applied in the

present work three identical sets of ZnO:Al samples underwent annealing (if applied, both

thermal degradation and cap-annealing at 500 ◦/6h) and a texture etching (150 s/0.5 % HCl).

Thereby, three different sequencings according to tab. 4.1 where applied. The ZnO:Al used for

this study originates from a different industry partner and was processed in a non-reactive in-

line DC magnetron sputtering system working with ceramic ZnO:Al2O3 tube targets (1 wt.%

Al2O3) depositing on large area low iron float glass substrates. This particular ZnO:Al was

optimized for high light trapping abilities and hence comprises a rather large scaled surface

topography, which makes it ideal for this study, since even minor effects of the annealing on

the texture formation can be easily detected.

Table 4.1: Particular process sequence for the different sets of samples

sample set sequence

1st 2nd 3rd

A (ref.) texturing n/a n/a

B thermal degradation texturing n/a

C thermal degradation cap-annealing texturing

In fig. 4.10, tilted-view SEM images and a corresponding topographical AFM-scan of the

textured ZnO:Al samples (150 s etch duration) are shown for each set of samples. Obviously,

the same texturization procedure yields different topographies depending on the annealing

state of the sample. Sample A (fig. 4.10 (a,d) ) exhibits a dense arrangement of similarly

shaped craters with rather smooth walls and well defined crater rims. Neighboring craters

seem to share their crater rims, i.e. regarding the AFM-scan (d) the rims seem to form a

network. In case of sample B (fig. 4.10 (b,e) ) the craters are not that adjacent. Rather the

surface consists of more or less independent craters and nearly flat regions in between. The

particular shape of the craters is still similar to those of sample A, i.e. they also exhibit smooth

walls, whereas their typical diameter seems to be smaller and shows higher fluctuation. In

contrast to sample A, a reasonable amount of deep craters with steep walls could be found on

sample B. From analyzing the AFM-scans it seems that some of those craters even reach the

bottom of the ZnO:Al layer. On sample C (fig. 4.10 (c,f) ) the craters formed upon etching

appear very jagged. The whole texture is somehow disturbed and shows a porous character

compared to sample A (and B). The average crater size is even smaller as for sample B and

also shows a high fluctuation. For sample B few of the craters exhibit very steep walls and a

shallow bottom, whereas those craters occur more frequently for sample C.

All these qualitative findings are well represented by a statistical analysis of the AFM-

scans. Figure 4.11 shows the height distribution (a) and the inclination distribution (b) of the
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Figure 4.10: Tilted-view SEM images (a-c) and AFM topography scans (d-f) of annealed,
textured ZnO:Al processed with sequence A (a,d), B (b, e) and C (c, f) according to tab. 4.1.
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Figure 4.11: (a) Height and (b) inclination distribution of annealed, textured ZnO:Al
processed with sequence A, B and C according to tab. 4.1.
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AFM-scans presented in fig. 4.10 d) to f). Concerning the height distribution sample A shows

a nearly symmetric curve, whereas the data of sample B and C have an obvious skew. They

exhibit tailing towards small values and a rather steep drop towards large values, both more

pronounced for sample C. The skew points at the somehow higher scatter in crater size, hence

deepness, for sample B and C compared to sample A. Moreover, the data of sample B and

C comprise a small peak at -0.38 and -0.32µm, respectively. This is due to the few craters

which are very likely reaching the base of the ZnO:Al film and hence have a flat bottom.

Regarding the inclination distribution in fig. 4.11 b) sample A exhibits only a low amount of

pixels with inclination below 10 ◦. This is evident since there are effectively no flat regions

in the surface of sample A (cf. fig. 4.10 a) and d) ). Besides that, the data of sample A

shows a well-defined maximum at around 19 ◦ followed by a quite steep drop towards higher

angle. There is hardly any occurrence of inclinations above 50 ◦ for sample A. In contrast to

sample A, sample B exhibits a high occurrence of inclinations below 10 ◦, representing the

presence of the flat regions visible in fig. 4.10 b). The data reaches a maximum at around 15 ◦.

Despite being hard to see in fig. 4.11 b), the occurrence of inclinations above 50 ◦ is one order

of magnitude higher for sample B compared to sample A. This is ascribed to the few deep

craters existing in sample B. Sample C shows the most shallow inclination distribution curve

of all three samples. It exhibits an intermediated frequency for inclinations below 10 ◦, shows

a minor pronounced maximum at around 18 ◦ and clearly comprises the highest occurrence

of inclinations above 50 ◦. The latter is clearly linked with the rather steep crater walls for

sample C.

With respect to application as front electrode for Si-based thin film solar cells, both the

presence of virtually non-textured regions, like for sample B, as well as the existence of high

inclination angles, like for sample C, should be avoided in order to introduce as much light

trapping as possible and to ensure high-quality Si-growth, respectively.

Additional tests where applied to the industrial ZnO:Al presented in sec. 3.1.3, which

qualitatively confirmed the aforementioned sequence related effects. Moreover, this ZnO:Al

was applied to tandem solar cells after being 2-step annealed either before or after texture

etching. The corresponding J-V data of representative a:Si:H/µc-Si:H tandem cells is pre-

sented in tab. 4.2 together with those of a reference cell deposited on non-annealed, textured

ZnO:Al. Though, both annealing sequences yield an improvement in JSC (+0.3 mA/cm2),

sequence C leads to a detrimental reduction in VOC and FF 24. This provides evidence for

the worse device-quality of the Si grown on the sharp texture formed by applying sequence

C. The minor drop in VOC and FF for cell D compared to the non-annealed reference A is

not texture related and will be discussed in sec. 6.1.

24Si-deposition for all cells presented in tab. 4.1 was done with a so-called substrate-on-carrier process. This
causes the rather low FF even for the reference cell and top cell limited JSC for all of those cells.
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Table 4.2: J-V data of a:Si:H/µc-Si:H tandem cells deposited on wet-chemically textured,
2-step annealed ZnO:Al. The particular sequence of the ZnO:Al post deposition treatment
is denoted in the first column.

sequence JSC VOC FF eff.

[mA/cm2] [mV] [%] [%]

texturing, 2-step ann. (D) 11.7 1401 67.3 11.0

2-step ann., texturing (C) 11.7 1243 62.5 9.1

texturing w/o ann. (A, ref.) 11.4 1413 69.4 11.2

To conclude, both thermal degradation as well as 2-step annealing affect the texture being

formed during a subsequent wet-chemical etching25. The particular topographic modifications

have been evaluated as disadvantageous for cell application. This could be demonstrated by

a sharp drop in VOC and FF of tandem cells processed on ZnO:Al prepared according to

sequence C in comparison to those of type D (and non-annealed reference cells, A). Conse-

quently, the texturization of the ZnO:Al was always carried out prior to any annealing steps

according to sequence D. This also provided the unique opportunity to modify the opto-

electronic properties of a textured ZnO:Al over a wide range without affecting its particular

surface topography. Note that this would be a big issue, also in the case of other textured

TCO materials, if being realized by adapting the deposition process [44,75,169].

25The influence of a separate cap-annealing in this context was not investigated here since its application
was not in focus when these tests were conducted. However, it seems reasonable to assume a similar effect as
found for sequence C.
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5 Analysis of a Light Coupling related Artifact in EQE Data

Before we come to the application of annealed ZnO:Al to a-Si:H/µc-Si:H solar cells (sec. 6),

a discrepancy observed in the photo current density as derived from EQE and J-V measure-

ments is described and analyzed in this section.

5.1 Description of the Discrepancy

In the course of setting up our device fabrication and characterization here at PVcomB we

early started recognizing a systematic discrepancy between the current densities as obtained

from EQE and J-V measurements. As both measurement techniques are crucial for cell

development this discrepancy deserved further investigation. After excluding many things

related to the particular measurement setups itself, we started to focus on possible relations

to our sample design (cf. sec. 3.1). Since the effect, which we identified as the root cause,

particular its dependency on the light scattering within solar cells is closely related to some

of the experimental results presented in this thesis, we decided to provide the results of these

investigation here. As already pointed out in sec. 2.2, the short circuit current density of a

tandem cell obtained from a J-V measurement should equal the lower (lowest) sub-cell photo

current density, as obtained from EQE measurements. This effect is commonly referred as

current limitation26. A tandem cell can be bottom cell limited (Jtop/Jbot < 1), top cell

limited ((Jtop/Jbot > 1) or matched (Jtop/Jbot = 1).

Figure 5.1 shows the current density determined by EQE, of the top and the bottom

cell normalized to the corresponding short circuit current density obtained from J-V mea-

surement, as a function of the current limitation. It comprises 174 datasets obtained from

a-Si:H/µc-Si:H cells grown on different moderately textured TCOs over a period of roughly

10 months.

The current density obtained from EQE measurement is systematically underestimated,

with respect to the J-V derived short circuit current density, by approximately 1.5 and 8.5 %

for the top and the bottom cell, respectively, as can be noted for the respective limiting

conditions. The difference in this deviation causes the offset of the matching point for EQE-

and J-V -derived data.

5.2 Considerations on the Root Cause

In the EQE setup, the probe beam irradiates only a small spot of about 3 × 3 mm2 within

the 10× 10 mm2-cells. This is a different situation with respect to the J-V measurement at

26Strictly speaking JSC can be slightly higher than the photo current density of the limiting cell. This is
due to the fact that the limiting cell is driven in reverse bias to maintain the tandem device at short circuit
conditions; a direct consequence of the electrical series connection of the sub-cells. However, for cells with
reasonable performance and moderate current mismatch, this can be neglected.
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Figure 5.1: EQE-derived photo current density of the top and the bottom cell of a:Si-
H/µc-Si:H tandem cells normalized to the short circuit current density obtained from J-V
measurement as a function of the current limitation. The solid vertical line represents
the matching point as obtained from the EQE data. The dashed vertical line indicates
the matching point for the J-V measurement as implied by the onset of the slopes in the
present data. The percentage values denote the approximate relative discrepancy of the
EQE-derived photo current density for the top (left) and the bottom cell (right) with
respect to the short circuit current density obtained from J-V measurement. Note, that
cells with FF < 68 % have been filtered out in order to limit the data to reasonably working
cells. The blue and red lines are guides to the eye.

the solar simulator, where the whole 10o× 10omm2 sample is illuminated (almost) over the

full area. In fig. 5.2, the illumination scenario for the EQE measurement is illustrated in

a schematic cross section of the cell. The drawing is not to scale. The lateral propagation

of light within the thin layers can be neglected. As the cells commonly exhibit a textured

TCO, part of the light is reflected to oblique angles. Due to the random topography not only

the light transmitted to the Si, but also the diffusely reflected portion exhibits a continuous

angular distribution. Hence, part of it traverses laterally within the rather thick front glass

due to total internal reflection at the glass-air interface. This part of the light is trapped in

the glass.

The remainder will be ordinarily reflected or transmitted according to Fresnel’s equa-

tions and hence also traverse laterally or contribute to the diffuse cell reflection, respectively.

Assuming nglass = 1.5, the critical angle for total internal reflection at the glass-air interface

is ϕcrit. = 41.8◦. Thus, for a glass thickness of 3.2 mm the light subjected to total internal

reflection at least traverses 2× 3.2 mm/ tan(ϕcrit.) = 7.2 mm before it reaches the glass/TCO

interface again. As a consequence, a reasonable portion of the back-scattered light is absorbed

in the Si outside the active cell area, where it does not contribute to the measured photo
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JJ

Figure 5.2: Illustration of the optical collection losses related to small spot illumination.
The drawing shows a cell cross section including the isolation cut defining the cell area
and the light paths relevant for the optical losses. Part of the light is reflected to oblique
angles and, by multiple reflection, traverses laterally within the front glass before being
partially absorbed in the Si-stack outside the active cell area, where it does not contribute
to the measured photo current. This is accompanied by a diffuse cell reflection, whereas the
reflection at the flat air/glass and glass/TCO interface leads to specular reflection.

current.

This effect can lead to a systematic underestimation of the photo current derived from the

EQE measurement. In particular the use of rather thick front glass and the incorporation

of strong light scattering, i.e. good light trapping, should promote losses in the determined

photo current.

5.3 The Concentric Cell Experiment

To estimate the consequences of this effect, an experiment with concentric cells deposited

onto a textured ZnO:Al, exhibiting rather strong light scattering abilities, was conducted.

For this purpose, concentric square shaped cells with different dimensions were created on

a 10 × 10 cm2 sample by laser scribing. The individual segments were subsequently electri-

cally connected to each other between each EQE measurement. The resulting EQE data

is presented in fig. 5.3 a) together with the corresponding AM1.5g current densities and the

total cell absorptance. Figure 5.3 b) presents the corresponding relative differences in the

summed EQE with respect to the data of the standard 1 × 1 cm2 cell. It also includes a

sketch of the sample design. The measured EQE systematically increases with cell area

throughout the whole wavelength range. With respect to spectral distribution, the relative

gain (fig. 5.3 b) ) remains almost constant for λ < 700 nm before it increases with wavelength

until λ ≈ 800 nm to reach a plateau again above that wavelength. According to the scenario

depicted in fig. 5.2, the diffuse cell reflection should, to a certain extent, correlate with the
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Figure 5.3: a) EQE of concentric a-Si:H/µc-Si-H tandem cells with different cell dimen-
sions deposited onto a strongly light scattering textured ZnO:Al substrate. The numbers
indicate the derived current densities. The font color corresponds to the curve color. The
total cell absorptance (black dotted line) is also presented. b) Relative difference of the
summed EQE with respect to the data of the 1 × 1 cm2 standard-sized cell. The black
dashed line shows the diffuse reflectance of the cell. The corresponding sample design is de-
picted by the concentric squares (roughly to scale). The line color matches the corresponding
EQE data. The inner yellow square represents the monochromatic probe beam.
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gain for larger cell areas. Therefore, the diffuse cell reflection was also added to fig. 5.3 b).

Indeed, below λ ≈ 800 nm the general trend with wavelength is very similar for the relative

gain in EQE and the diffuse cell reflectance. The increase in relative EQE gain and diffuse

reflection for λ > 700 nm is induced by the diminishing absorption in the Si for longer wave-

lengths, i.e., the light reflected at the back reflector is no longer fully absorbed in the Si and

starts contributing to the light being diffusely back reflected to the glass-air interface. Above

800 nm, the diffuse reflection further increases, whereas the relative gain in EQE saturates

due to the decreasing utilization of the laterally traversed light, i.e. reducing EQE.

As presented in fig. 5.4, the current density, JQE, derived from the EQE data (eq. (2.49)),

evolves with the cell area, whereas, in accordance with the relative gains in EQE, the increase

is lower for the top cell compared to the bottom cell. For the biggest cell area (5 × 5 cm2)

it amounts to 0.59 and 1.79 mA/cm2, respectively. An asymptotic fit has been applied to

the experimental data to estimate the saturation level of the increase in JQE. The fit results

suggest that for the top cell, the losses due to lateral light propagation are reasonably reduced

for a cell size of 5×5 cm2, whereas no significant saturation could be found for the bottom cell

current density. However, due to the limited precision of the EQE measurement, especially for
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Figure 5.4: a) JQE for the top cell (blue) and the bottom cell (red) of concentric a-
Si:H/µc-Si-H tandem cells with different cell dimensions deposited onto a strongly light
scattering textured ZnO:Al substrate as a function of cell width. The values were derived
from the EQE data shown in fig. 5.3 a) (symbols) and fitted to an asymptotic function
(f(x) = a− b · cx, full line). The asymptotic value, a, is represented by the dotted line.
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the larger sized cells27 the fit results, particularly the asymptotic value need to be interpreted

with care.

Using large cell dimensions noticeably reduced the current density loss but is undesirable

for both EQE measurement and J-V characterization, since the measurement noise scales

with cell area and the resistive losses in the TCO would increase, respectively. Moreover, it

is hard to quantify these losses with that method. A reduction of the glass thickness would

also be beneficial, since the lateral propagation of light in the glass scales linearly with its

thickness. But, from a practical point of view a reduction of the glass thickness is no option

for many of the substrate types used at PVcomB.

5.4 The Large Area Setup

Another way to avoid the underestimation of photo current density is to use a large-area

monochromatic probe beam. This is somehow analogous to using small spot probe beam

and a large cell, whereas the problems of increasing measurement noise and resistive loss

are avoided. Unfortunately, this can not be realized with a grating monochromator setup.

Either the irradiance would be too low or the spectral line width too wide. Therefore, QE

measurement setups with large-area illumination are usually fitted with several optical narrow

band pass filters instead. Figure 5.5 shows the EQE data of 1× 1 cm2-sized a-Si:H/µc-Si-H

tandem cells obtained with the previously described small spot setup and such a large area

setup28.

Four different front textures have been used for the cells. Without going into detail at

this point, they exhibit significantly different surface morphologies: (i) a non-textured, (ii)

a moderately textured and (iii) a strongly textured ZnO:Al film on planar glass, and (iv)

a ZnO:Al coated textured glass substrate. Substrate (iii) exhibits the same texture as the

ZnO:Al used as front contact for the concentric cell experiment described in sec. 5.3. The

inset of fig. 5.5 shows the difference of the corresponding current densities (J large
QE − J small

QE )

for the top cell and the bottom cell. Both values increase for stronger texture of the ZnO:Al,

whereas the difference is generally higher for bottom cell current density. This finding proves

the model for the lateral propagation of back-scattered light within the front glass: increasing

texture leads to increasing light trapping both in the Si and in the glass.

The cell on textured glass shows the highest difference in JQE of the top cell and also a

rather large difference for the bottom cell. The reasons for that are not in focus for now, but

will be discussed in a very similar context in sec. 6.5. The cell grown on the non-textured

ZnO:Al exhibits strong oscillations visible in the EQE data of the small spot measurement

27The precision was estimated to scale with the cell area. This is a sound assumption since the noise, i.e.
the bias current, scales with the cell area.

28For the large area measurements a home-built setup at IEK-5 Photoltaik, Forschungszentrum Jülich was
used. The measurements were carried out by Christoph Zahren.
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Figure 5.5: Summed EQE data of 1 × 1 cm2-sized a-Si:H/µc-Si-H tandem cells derived
from a small beam (light lines, open symbols) and a large area (dark lines, full symbols)
setup for different front textures: non (blue, � �), moderately (green, • ◦) and strongly
textured ZnO:Al (red, M N) on planar glass, and ZnO:Al coated textured glass (yellow, OH).
The symbols represent the sampling points. For the sake of clarity, the particular EQE data
of the top cell and the bottom cell is not presented. The inset shows the absolute difference
in the corresponding current density, J large

QE − J small
QE , for the top cell and the bottom cell,

and the different front textures. The numbers next to the data points denote the values of
the differences.

above λ = 650 nm. They occur due to interference effects in the Si-stack. Anyhow, these

oscillations are very likely also present for the large area irradiation, but can not be resolved

by the system due to the limited number of sampling points, i.e. narrow band pass filters.

Thus the value of the related JQE are not that reliable, since the sampling points could by

chance predominantly coincide either with the maxima or minima of the oscillations. The

former seems to happen in the present case for λ = 690 . . . 800 nm, which is why the difference

in JQE for the bottom cell on the non-textured ZnO:Al substrate is very likly overestimated.

For the same reason (sparsely distributed sampling points) JQE derived from the large area

measurement is slightly underestimated at the short wavelength onset for all textures. Bearing

this in mind, the differences in JQE for the cells on the strongly textured ZnO:Al substrate

match the gain achieved with the same ZnO:Al texture in the concentric cell experiment for

going from 1× 1 cm2 to 5× 5 cm2 cell area.

The experiments demonstrated the presence of a systematic loss in the EQE determined
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from 1× 1 cm2-sized cells with the available small spot setup. The effect could be related to

lateral propagation of back-scattered light within the front glass. Hence, the loss scales to

some extent with the light trapping ability of the front texture. For strong light scattering

the losses in JQE of an a-Si:H/µc-Si:H tandem cell amount to about 0.5 and 1.8 mA/cm2 for

the top cell and the bottom cell, respectively. Of course, the exact mechanism behind that

phenomenon is much more complex and like for light trapping within the active layers, it

is hard to predict the amount of loss (or gain) in terms of current density. In particular, a

correlation with a coarse classification of the surface texture as made above is far from being

universal. However, the four different textures used for the comparison of the small spot and

the large area EQE setup are representative of the majority of the textures applied to cells

in this thesis. Therefore, when discussing absolute EQE values or derived current densities

we will refer to the results of these experiments29.

29Unless otherwise stated, there will be no corrections of any results.
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6 Application of annealed ZnO:Al to a-Si:H/µc-Si:H Solar

Cells

In sec. 4 the annealing of ZnO:Al layers was introduced as a versatile method to improve and

tailor the opto-electronic properties of ZnO:Al layers. Besides a discussion of the different

mechanism incorporated in terms of electronic transport and doping, the effect of different

annealing procedures on the macroscopic film properties was also investigated. This section

is dedicated to the utilization of annealed ZnO:Al as front electrode in a-Si:H/µc-Si:H based

thin-film solar cells.

6.1 Annealing and the ZnO:Al/p-layer contact

The crucial role of the TCO/p-layer contact has been widely discussed for both Si-based

thin-film [170–176] and hetero-junction [177–181] solar cells. At the interface a tunnel recom-

bination junction between the n-type TCO and the p-type Si-layer is formed. For amorphous

p-i-n cells and corresponding boron-doped a-SiC:H(p) layers grown onto SnO2:F and ZnO:Al

(or ZnO:Al coated SnO2) the following investigations have been made by photo electron

spectroscopy and cell preparation:

(i) The plasma used for p-layer deposition causes a hydrogen induced chemical reduction of

the TCO. This is accompanied by the formation of SiO2 at the TCO/p-layer interface, which

is less pronounced for ZnO:Al. In the case of SnO2:F the existence of reasonable amounts of

elemental tin was observed, which leads to an increased parasitic absorption [182] and hence

reduces the photo current density [183]. In contrast to that only small or no amounts of

elemental zinc could be detected when ZnO:Al was exposed to the p-layer deposition or a

pure hydrogen plasma, respectively. This is ascribed to the volatility of elemental zinc [170],

but also to a high plasma stability of ZnO:Al with respect to SnO2 [184]. Hence the high

transmittance of the ZnO:Al is maintained upon cell deposition.

(ii) However, when ZnO:Al was used as front-electrode in combination with an a-SiC:H

p-layer a reduction in FF and VOC was observed. The effect was higher for lower deposition

rates of the p-layer and vice versa, which was interpreted as a measure of hydrogen plasma

impact on the ZnO:Al surface before being covered by the growing p-layer. This finding

can be explained by the formation of hydrogen induced surface states leading to an electron

accumulation layer and a downwards band bending at the ZnO:Al surface. This also yields a

downwards bending of the bands in the p-layer and hence increases the width of the depletion

zone, worsening the transport through the TCO/p-layer contact and as a consequence the

FF and VOC of the solar cell [183].

This issue can be overcome by introducing a µc-Si:H buffer layer at the TCO/p-layer

interface. Due to the higher doping-level and conductivity compared to a-Si:H or a-SiC:H the
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depletion zone at the interface to ZnO:Al remains very narrow and the contact is thus less

affected by the hydrogen induced downbending. As already explained in sec. 3.1.6 all cells

used in this work make use of ZnO:Al front electrodes and a highly doped µc-Si:H p-doped

buffer layer. However, the ZnO:Al/p-layer contact remains a crucial interface, particular

when the ZnO:Al was subjected to annealing procedures prior to cell deposition.

The cap-annealing as used in this work is adapted from solid phase crystallization of

an e-beam evaporated a-Si precursor typically conducted at Tann = 600 ◦C for 24 hours in

nitrogen atmosphere [12]. The ZnO:Al layer underneath was originally intended to be used

as transparent electrode after crystallization and preparation of a poly-Si based thin-film

cell [185]. Later on the impact of this process on a buried ZnO:Al/a-Si:H(n) interface was

investigated by x-ray emission spectroscopy [173] and XPS [174, 175]. The formation of Si-

OX bonds at the expense of Zn-O was found, i.e. the ZnO:Al is chemically reduced at the

interface. Furthermore, a redistribution of zinc and aluminum in the proximity of the interface

was observed. To which extend this is related to the beneficial changes of the electronic bulk

properties upon cap-annealing remains an open question. However, for our approach these

findings point at a possible modification of the electronic properties at the ZnO:Al surface,

which likely remains after the cap is removed, i.e. prior to cell deposition.

Before examining the effect of ZnO:Al annealing on cell performance the presence of a

possible impact of the capping/decapping process by itself was investigated. To this end three

nominally identical, textured ZnO:Al substrates were used as front electrodes in a-Si:H/µc-

Si:H tandem cells. Prior to cell deposition sample A was exclusively exposed to the NF3

plasma originally used to remove the 100 nm thick a-Si:H(i) capping layer. Sample B was

capped and subsequently decapped in the regular manner, but without intermediate anneal-

ing. Sample C served as a non-treated reference. For all samples there was no additional

treatment, i.e. no HCl-dip. Cell deposition was carried out a few days after this treatments,

in particular the samples have been stored in air, which is also common for cell deposition

on annealed ZnO:Al films. The corresponding J-V data, and the EQE and cell absorptance

is presented in tab. 6.1 and fig. 6.1, respectively.

Generally, the data shows only minor differences between the samples. This is also valid

when accounting for the J-V data of all 60 dot-cells measured per sample, i.e. there were

no statistically significant differences. The slight variation in the EQE and 1-R data around

650 and 850 nm wavelength are likely due to small fluctuations in the surface morphology.

However, plasma-related surface modifications would primarily affect small scaled features,

which are linked to the short wavelength characteristic of the light distribution. Since the

EQE as well as cell absorptance of all samples coincide for λ < 600 the plasma exposure can

virtually be excluded as the reason for the slight differences at longer wavelength. More likely

there is a small variation in the ZnO:Al deposition and/or texturing process. In summary
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Table 6.1: J-V data of representative a:Si:H/µc-Si:H tandem cells deposited on wet-
chemically textured ZnO:Al. Sample A was exclusively subjected to the NF3 plasma orig-
inally used to remove the capping, i.e. no capping was applied, whereas sample B was
capped and subsequently decapped in the original way, but without any annealing. Sample
C serves as a reference and was kept untreated. All treatments were carried out prior to
cell deposition.

sample treatment JSC VOC FF eff.

[mA/cm2] [mV] [%] [%]

A NF3 plasma only 11.13 1413 73.2 11.5

B capping/decapping 11.12 1415 73.3 11.5

C none 11.11 1410 73.8 11.6
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Figure 6.1: EQE and 1−R data of representative a:Si:H/µc-Si:H tandem cells deposited
on wet-chemically textured ZnO:Al. Sample A was exclusively subjected to the NF3 plasma
originally used to remove the capping, i.e. no capping was applied, whereas sample B was
capped and subsequently decapped in the original way, but without any annealing. Sample
C serves as a reference and was kept untreated. All treatments were carried out prior to
cell deposition. The EQE derived photo current densities for the top and the bottom cell
are also shown.
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it is evident that there is no impact of the capping and/or decapping process on the cell

performance. In a next experiment the effect of ZnO:Al annealing on the cell performance is

investigated.

In tab. 6.2 the J-V data of a-Si:H/µc-Si:H tandem cells grown on 2-step annealed ZnO:Al

are listed. After removing the a-Si:H(i)-capping sample B was subjected to a hydrogen plasma

whereas sample C was immersed in 0.5 % HCl for 5 s. Sample A underwent no additional

treatment and sample D comprises a non-annealed ZnO:Al layer added for reference. All

samples have been wet-chemically surface textured (prior to annealing). The samples on

annealed ZnO:Al (A to C) show an improvement in JSC of 0.4 mA/cm2 compared to sample

D (non-annealed). This is a direct consequence of the intended suppression of parasitic

absorption in the ZnO:Al.

However, a closer examination of the EQE and 1 − R data depicted in fig. 6.2 reveals

some differences among the cells on annealed ZnO:Al not represented in the J-V data. The

latter is ascribed to the short circuit current derived from J-V measurement being limited

by the top cell in all cases(cf. sec. 3.2.4). Among the annealed samples the untreated one

(A) shows the highest EQE for both top and bottom cell. The hydrogen plasma exposure

clearly reduces the EQE virtually throughout the whole wavelength range, whereas its cell

absorptance remains unchanged with respect to sample A. Thus, it exhibits an increased

fraction of parasitic absorption. This is unexpected, since elemental zinc eventually formed

should evaporate [170, 184, 186] and the accumulation of any other species is unlikely. A

possible reason could be re-deposition of residual Si originating from the chamber walls of

the PECVD reactor. Though, the chamber has been plasma-cleaned prior to the experiment,

this can not be excluded. The HCl-dip on the other hand induces only small changes which

can be observed in both EQE and 1−R, hence indicating minor modifications of the surface

texture-related light-coupling(/-trapping) properties. This is plausible, since the dip etches

the surface of the ZnO:Al. To further reduce such unwanted effects on the surface texture

the HCl-dip was carried out in 0.1 % HCl (10 s) for future experiments.

Beside these optical differences the J-V data presented in tab. 6.2 also shows different

electrical performance of the cells with respect to the treatment. Without any treatment

after decapping (A) FF and VOC are lower compared to the non-annealed reference (D). Both

findings are even more pronounced after H-plasma exposure (B). This is somehow similar to

the deteriorated FF and VOC Kubon et al. found when switching from SnO2 to ZnO:Al coated

SnO2 substrates [183]. However, remember that our samples already include a highly doped

µc-Si(p) buffer layer at the ZnO:Al/p-layer interface to mitigate this original issue. The effect

of cap-annealing on the interfacial composition at the ZnO:Al/p-layer contact after removal

of the original capping and deposition of the p-layer has not yet been investigated in such a

detailed manner. Thus, the root cause for the deteriorated electrical performance in our cells
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Table 6.2: J-V data of representative a:Si:H/µc-Si:H tandem cells deposited on wet-
chemically textured ZnO:Al. Sample A to C comprise 2-step annealed ZnO:Al substrates,
sample D serves as a reference grown on non-annealed ZnO:Al. After cap-removal sample
A was left unchanged, sample B was exposed to a hydrogen plasma and sample C was
immersed in 0.5 % HCl for 5 s prior to cell deposition.

sample treatment JSC VOC FF eff.

after decapping [mA/cm2] [mV] [%] [%]

A none 11.8 1391 68.4 11.2

B H-plasma 11.8 1380 65.1 10.6

C HCl-dip 11.8 1434 71.1 12.1

D reference 11.4 1413 70.6 11.4
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Figure 6.2: EQE and 1−R data of representative a:Si:H/µc-Si:H tandem cells deposited
on wet-chemically textured ZnO:Al. Sample A to C comprise 2-step annealed ZnO:Al sub-
strates, sample D serves as a reference grown on non-annealed ZnO:Al. After cap-removal
sample A was left unchanged, sample B was exposed to a hydrogen plasma and sample C
was immersed in 0.5 % HCl for 5 s prior to cell deposition. The EQE derived photo current
densities for the top and the bottom cell are also shown.
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remains subjected to speculation.

In both cases (A) and (B) the beneficial increase in short circuit current is overcompen-

sated by the inferior electrical cell performance. The sample subjected to the HCl-dip (C) on

the other hand even shows improved FF and VOC compared to the non-annealed reference

sample(D). First, this evidences that the bad electrical performance of sample (A) and (B)

are no bulk effects of the ZnO:Al but very likely related to the ZnO:Al/p-layer interface.

Moreover, the HCl-dip (except for its duration) is identical to the texturing step all samples,

i.e. also sample D, have been subjected to. Hence, the improved FF and VOC seems to be

related to modifications in the ZnO:Al bulk upon annealing.

In summary these findings point at the cap-annealing step as the cause for the beneficial

modifications of the ZnO:Al/p-layer contact. Moreover, this was observed for cells grown on

both cap-annealed and 2-step annealed ZnO:Al exhibiting a significantly lower and higher

carrier concentration (≈ 1.5 and ≈ 5 ·1020 cm−3), respectively, compared to the non-annealed

state (≈ 3 · 1020 cm−3). This again emphasizes an investigation of the electronic states at the

interface between annealed ZnO:Al (with and without HCl-dip) and the µc-Si:H(p) buffer

layer.

6.2 Improving the opto-electronic Properties of conventional ZnO:Al Lay-

ers

The data presented in this section has already been published in ref. [187].

In sec. 4 the versatile opportunities of thermal treatments have been examined. For

application to solar cells the first approach was to optimize the opto-electronic properties

of conventional ZnO:Al films, i.e. texture-etched films with an as-deposited film thickness

of d ≈ 800 nm deposited on float glass. As these films originally have been designed to

serve as front-electrode for a-Si:H/µc-Si:H tandem cells they already exhibit a sufficiently

low sheet resistance (RS ≈ 12 Ω) and a proper light trapping both after being texture-etched.

Therefore, the strategy with these films is to maximize transparency while maintaining sheet

resistance, i.e. resistivity.

This is achieved by maximizing the mobility and accordingly decreasing the charge car-

rier concentration (cf. eq. (2.9)). To this end texture etched industrial ZnO:Al films have

been 2-step annealed. Both the thermal degradation and the subsequent cap-annealing were

carried out at 500 ◦C for 6 h. Recall that this is the maximum temperature applicable to the

float glass. Table 6.3 shows the electronic properties of corresponding films, which were not

subjected to the texture-etching in order to ease the opto-electronic characterization. The

optical properties of these films are presented in fig. 6.3.

The thermal treatment shows the behavior already expected from the previously presented

experiments. The first annealing without capping yields a degradation of both the charge
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Table 6.3: Electronic properties, derived from Hall-measurements, of 816 nm thick, non-
texturized industrial ZnO:Al for different annealing states.

annealing ne,Hall µHall ρHall

state 1020 cm−3 cm2

Vs 10−4 Ωcm

as-deposited 3.14 30 6.6

thermally degraded 0.30 8.1 260

2-step annealed 1.42 60 7.3

 ! " #

$

!$

#$

%$

&$

 $$

'()*+,-.)/0,+'''''' '+,12(+,+'''''' '(33,(4,+

'

 

!

 

 
!
"
#
$
%
&

'
!
!
#
$
(
)
*
 
"
)
+
,
)
(
!
#
$
(
)
*
 
#
-
%
.
"
/
!
#
$
(
)
 
0
1

2

-5.0.3',3,216'7,89

"

!:$$  :$$  $$$ :$$ "$$

;(<,4,3105'73=9

Figure 6.3: Transmittance T , reflectance R and absorptance A of 816 nm thick, non-
texturized ZnO:Al layers on SiOXNY coated float glass for different annealing states as
function of photon energy. A was calculated according to eq. (2.23)
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carrier concentration and mobility whereas the subsequent second annealing under a-Si cap-

ping leads to an increase of the mobility (doubling from 30 to 60 cm2

Vs ) while the charge carrier

concentration partially recovers with respect to the as-deposited state. As a consequence

the resistivity of the ZnO:Al was maintained at ρ ≈ 7 · 10−4 Ωcm while its transparency was

improved almost throughout the whole spectral range investigated. Only for photon energies

hν < 3.4 eV the transparency is lower compared to the as-deposited state, which is due to

the ne related band gap shift dominated by the Burstein-Moss-effect (cf. sec. 2.1.5). For

photon energies just below the ZnO:Al band gap the transparency increases due to curing of

defect states whereas the reduced charge carrier density leads to an IR shift of the plasmonic

absorption peak present in the NIR, hence increasing transparency. The reduction of the

residual absorptance in the intermediate visual spectral range can be attributed to the latter

two effects: The absorption at the band gap shows less tailing into the Vis and the peak of

FCA is shifted further into the IR. Following from Drude-theory for constant charge carrier

concentration a higher mobility leads to a decreased width and amplitude of the FCA peak.

However, due to the simultaneous decrease in ne and the related IR shift of the FCA peak

in combination with the limited measurement range the FCA peak is not observable in the

present case.

To evaluate how the annealing induced modification translate to solar cells, two identical

sets of a-Si:H/µc-Si:H tandem cells have been prepared on equally texturized ZnO:Al samples

in the as-deposited and 2-step annealed state. The whole thermal treatment was carried out

after 75 s of texture etching in 0.5 wt.% HCl. The residual film thickness was approximately

650 nm yielding RS ≈ 10.5 and 12 Ω for the as-deposited and 2-step annealed sample, re-

spectively. Prior to Si-deposition another HCl-dip was applied to the annealed sample (cf.

sec. 6.1).

The resulting external quantum efficiencies are presented in fig. 6.4 (a). For direct com-

parison the absorptance and transmittance of the corresponding non-textured ZnO:Al films

(already presented in fig. 6.3 on a photon energy scale) are added in fig. 6.4 (b). Obviously the

difference due to the 2-step annealing in EQE and cell reflectance coincide with those found

for the corresponding ZnO:Al films. For the cell on annealed ZnO:Al (i) the UV onset of the

EQE is slightly shifted to longer wavelength (band gap shift), (ii) the blue response is clearly

increased (decreased sub band gap absorption), (iii) the EQE remains slightly higher in the

Vis (lower residual absorptance) and (iv) the relative improvement in EQE again increases in

the NIR (reduction of FCA). Since the ZnO:Al texture used here comprises a rather moderate

light trapping (for the sake of high quality Si-growth) the latter is hard to see by eye. This

observation is also supported by the reduced total cell absorption in the NIR for the cell on

the annealed ZnO:Al, which generally indicates either less parasitic absorption in the ZnO:Al

or a reduced light trapping. Both would lead to an increase of back reflected light out of the
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Figure 6.4: a) EQE and 1−R of a:Si:H/µc-Si:H tandem cells on textured ZnO:Al in the
as-deposited(dotted line) and 2-step annealed(solid line) state and b) transmittance T and
absorptance A of the corresponding 816 nm thick, non-texturized ZnO:Al layers.
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silicon for longer wavelength. However, the latter is very unlikely. First, the texturization for

both ZnO:Al films was identical. Furthermore, less light trapping would lead to higher ampli-

tudes of the Si-related NIR oscillations in 1−R and EQE commonly accompanied by a phase

shift and a slight reduction in their frequency. This becomes plausible by assuming the light

trapping as a disturbance of the coherence for the Si-layer stack. The frequency reduction

can be thought of as a consequence of decreased effective Si-thickness due to a lower average

inclination angle. As none of those effects is observed here the reduced total cell absorptance

is ascribed to reduced FCA. Referring to the EQE derived current densities, also presented

in fig. 6.4, the 2-step annealing yields an improvement of 0.32 and 0.52 mA/cm2 for the top

and the bottom cell, respectively. This corresponds to a relative gain in total current density

of 3.8 %.

The J-V data of the cells presented in fig. 6.4 are listed in tab. 6.4. As already found

Table 6.4: J-V parameters for cells on as-deposited and 2-step annealed, textured ZnO:Al
films.

annealing JSC VOC FF η

state mA/cm−2 mV % %

as-deposited 11.44 1413 70.5 11.4

2-step annealed 11.85 1434 71.1 12.1

from the EQE results, the use of 2-step annealed ZnO:Al as front electrode leads to an

increase in short circuit current density. Moreover, VOC and FF improved by 21 mV and

0.6 %, respectively. The latter can be ascribed to higher current density mismatch of top

and bottom cell for the cell on annealed ZnO:Al. From eq. (2.44) VOC can be derived as a

function of photo current (neglecting the contribution of finit Rp):

VOC =
nkT

e
ln

(
Jph

J0
+ 1

)
. (6.1)

Thus, by assuming typical values of 10−11 and 10−6 mA/cm2 for J0 of an a-Si:H and µc-Si:H

cell [188] and further ascribing 900 mV and 513 mV to those cells, respectively, we get a photo

current related increase of only about 2.3 mV for the VOC of the present tandem cells due

to annealing. Hence, the increase in VOC observed experimentally can not be explained as a

consequence of optical device improvement. A possible explanation for this effect was already

discussed in sec. 6.1.

In conclusion the application of 2-step annealing to ready-made, textured ZnO:Al front

electrodes resulted in an improved conversion efficiency of 12.1 %, for tandem cells grown

on top, which is a relative gain of 6.1 %. This demonstrates the successful utilization of

the annealing-induced benefits in the opto-electronic properties of ZnO:Al-layers for light
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harvesting in a-Si:H/µc-Si:H tandem cells.

6.3 Thin, highly conductive ZnO:Al Electrodes

For the cells presented in sec. 6.2 the basic idea was to improve the transparency of a ready-

made ZnO:Al film as much as possible while maintaining its sheet resistance. This was

achieved by increasing the carrier mobility while reducing the carrier concentration accord-

ingly. In this section the ZnO:Al layer thickness will be considered as an additional parameter.

As demonstrated in sec. 4.2 the annealing can also be utilized to e.g. halve the thickness of a

ZnO:Al layer while maintaining its sheet resistance. Recall that the annealing temperatures

applied to achieve such a result are not applicable to float glasses (cf. tab. 3.1). However,

even with this limitation there is plenty of room for improvement.

Among the remaining annealing treatments the most promising is a cap-annealing carried

out at 500 ◦C/6 h without preceding thermal degradation. In spite of the increasing absorption

coefficient related to such a treatment (cf. sec. 4.2) a reduction in film thickness should allow

to compensate for this in terms of generated photo current density. Furthermore, it was the

only remaining treatment that allows a reasonable increase in conductivity of the ZnO:Al

layer. The annealing should allow to remarkably reduce the ZnO:Al layer thickness while the

cell efficiency is at least maintained at a reasonably high level.

Figure 6.5 shows the EQE and 1 − R of two a-Si:H/µc-Si:H tandem cells. The initial

film thickness and final sheet resistance of the ZnO:Al layers was about 550 nm/10 Ω and

820 nm/11 Ω for the thin cap-annealed and the standard ZnO:Al type, respectively. The

EQE of the cell on thin annealed ZnO:Al shows a better blue response. Above λ = 500 nm

the EQE data for both cells is rather similar. Compared to the cell on the standard ZnO:Al

the total cell absorptance of the cell on thin annealed ZnO:Al shows some small oscillations

with a rather large period and slightly lower values for λ > 650 nm. Since the EQE is

not lower in this wavelength region, the latter indicates less parasitic absorption in the thin

annealed ZnO:Al. A detailed discussion of such features is presented in sec. 6.5.3. For now it is

sufficient to conclude that, beside the different blue response, there are only minor differences

in the EQE of these two cells. As a result the photo current density of the cell on thin

annealed ZnO:Al is slightly higher for both the top and bottom cell compared to the cell on

standard ZnO:Al.

The J-V data for these two cells before and after 168 h (1 week) of light soaking are

presented in tab. 6.5. Like for the EQE and 1 − R data, there are only minor differences

in the J-V data of the two cells both initial and after light soaking. The only noteworthy

difference is the slightly higher degradation in VOC and FF found for the cell on the standard

ZnO:Al electrode. Despite being small, the difference is statistically significant as it is also

observed in the median of the 20 individual cells measured per ZnO:Al type. This could
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Figure 6.5: External quantum efficiency and total cell absorptance of an a-Si:H/µc-Si:H
tandem cell on thin, textured, cap-annealed ZnO:Al (red line, squares) and on standard
textured ZnO:Al(black line, circles). The EQE derived photo current densities for the top
and the bottom cell are added to the plot. The font color corresponds to the particular
line/symbol color.

Table 6.5: J-V parameters of an a-Si:H/µc-Si:H tandem cell on thin, textured, cap-
annealed ZnO:Al and on standard textured ZnO:Al before/after 168 h of light soaking.

ZnO:Al JSC VOC FF η

type mA/cm−2 mV % %

thin cap-annealed 11.54/11.25 1405/1386 72.7/68.5 11.8/10.7

standard w/o annealing 11.31/11.05 1402/1373 72.8/67.5 11.5/10.2

be a hint on a slightly different surface topography of the two ZnO:Al types. For the FF it

could also partially be related to the somewhat higher sheet resistance found for the standard

ZnO:Al electrode. The former is very likely, as we will see in the next section.

The experiment showed, that thanks to the cap-annealing the as-grown ZnO:Al film thick-

ness can be remarkably reduced, −33 % in the present case, while the cell efficiency can be

maintained at a reasonable level. Actually, there was even a slight improvement observed.

Like in the previous section, where we improved the efficiency of cells by applying a 2-step an-

nealing to one of two otherwise identical textured ZnO:Al electrodes, the present result again

points at the benefit of the application of post-deposition ZnO:Al annealing. This time the

benefit was in terms of a reduced ZnO:Al layer thickness. Hence, from an economical point of

view this approach saves deposition time and reduces material consumption (provided that

the annealing procedure can be realized in an economical manner on a large scale).
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6.4 Limitations for textured ZnO:Al

Motivated by the good results achieved in a-Si:H/µc-Si:H tandem cells incorporating cap-

annealing of thin, textured ZnO:Al substrates we tried to further reduce the thickness of

the ZnO:Al layers while maintaining the cell efficiency. But in doing so we realized a severe

limitation. Interestingly, it was not the sheet resistance, as one might expect, rather we

found a limit in introducing an appropriate light trapping texture to the ZnO:Al surface

upon wet-chemical etching.

As already discussed in sec. 4.2 the crystalline quality of sputtered ZnO:Al films evolves

with film thickness originating from a nucleation layer with high disorder. This not only

affects the electronic properties (already shown), but also the wet-chemical surface texture

forming process. Figure 6.6 shows the height (a) and inclination distribution (b) as derived

from statistical analysis of the particular AFM scans presented in (d-g) for wet-chemically

textured ZnO:Al films on SiOXNY coated Corning glass; the haze is plotted in (c). The
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Figure 6.6: Statistical analysis of the surface topography of wet-chemically etched ZnO:Al
films with different initial film thickness. (a) Local height distribution and (b) local inclina-
tion distribution as derived from the particular AFM-scans in (d-g), and (c) corresponding
haze. The local height values are shifted relative to the particular mean value. The topo-
graphic scans in (d-g) are alphabetically arranged in ascending order with respect to the film
thickness. The color of the frame corresponds to the line/symbol color. The inset numbers
denote the particular RMS-roughness followed by the auto correlation length (both in nm).
The numbers next to the false color scale represent its min/max values in nm. Note the
different height scaling for different samples. The scan area was 10× 10µm2.
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samples had different initial ZnO:Al film thickness and originate from the sets, which were

already used in the study presented in sec. 4.2. Since the induced surface texture hinders

optical determination of the film thickness, it was derived from step profiler measurements

instead, both before and after texturing. The wet-chemical etching was carried out in 0.5 %

HCl. The etch duration was originally set to 30 s. Since this led to inadequate sheet resistance

as high as 54 Ω for the sample set with the thinnest film thickness it was adapted to 20 s in

this case. Regarding the statistical surface data presented in fig. 6.6 (a, b) both the height

and the inclination show a broadening of the distribution with increasing film thickness.

Moreover, the height distribution gets more asymmetric and ranges deeper. This asymmetry

is typical (but not distinct) for the formation craters with no pronounced bottom area. The

wider range of the height distribution for thicker films corresponds with the evolution of

σRMS from 16 to 48 nm for the thinnest and thickest ZnO:Al film, respectively. The ACL

on the other hand does not show any significant trend with film thickness, indicating similar

lateral size of the predominant morphological features. This finding is also supported by the

visual impression from the AFM scans: In all four images there are some distinct craters

with an approximate diameter of 500 nm. The density (i.e. amount per area) of craters

increases with film thickness, but their lateral size remains more or less constant. Besides

those distinct deeper craters the remaining surface also shows reasonable roughness with more

granular texture.

Following the etching model proposed by Hüpkes et al. [189] the formation of (crater-like)

surface features is related to the compactness of the grain boundaries. The etching agent

predominantly accesses disturbed grain boundaries. From these points of attack the distinct

craters evolve with ongoing etching. In an initial survival of the fastest phase the craters grow

in depth and diameter until they cover the whole surface. From this point on there is hardly

any further evolution in the particular surface topography. As crystalline quality scales to

a certain extend with ZnO:Al-film thickness, the density of attack points for the etching

should increase for thinner ZnO:Al layers. Hence, the wet-chemical etching should generally

yield smaller lateral feature size and reduced RMS-roughness. All these effects have indeed

been observed by Owen [190] for ZnO:Al layers originating from a dynamic non-reactive RF

magnetron sputter process incorporating ceramic ZnO targets with 1 wt.% Al2O3. However,

our ZnO:Al films differ in terms of this model. Apparently the density of attack points is not

significantly affected by the initial film thickness, as indicated by the presence of laterally

similar sized roughness features covering the full surface in all cases. Despite that, the RMS-

roughness (but not the ACL) evolves with film thickness. This is again contrary to the

above mentioned etching model. A possible explanation for this different behavior could be a

generally lower compactness of our films. Following this assumption the grain boundaries are

more exposed to the etch agent and the density of attack centers is rather high. This leads
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to the generally observed roughness. The positions where craters are formed upon etching

could be imagined as effective nano-holes allowing the etching agent to penetrate to a certain

extent into the film. This assumption is supported by (i) a generally much smaller lateral

feature size on etched ZnO:Al films, being around 400 nm in our case compared to 1 . . . 2µm

for those investigated by Hüpkes or Owen [189, 190], hence pointing at the higher density of

attack points and (ii) the observation of a moderate grain-like texture with lateral feature

size around 50 . . . 100 nm modulated onto the apparent texture for our samples, indicating

even higher density of attack points.

Irrespective of the microscopical origin the lower roughness of thinner ZnO:Al layers

leads to a reduction of the haze throughout the whole wavelength range (fig. 6.6 c)). Since

the general topography does not vary significantly between the samples, as indicated by

similar ACL and visual impression of the AFM scans, the changes in haze should be a good

qualitative measure for the changes in the light trapping ability of the ZnO:Al topography

when implemented in solar cells.

Another effect connected to texture-etching of rather thin ZnO:Al layers is the higher

relative increase in sheet resistance for the same removed layer thickness simply due to the

larger ratio of removed to residual film thickness. As a consequence the target sheet resistance

after texture etching is more sensitive to deviations in etch duration, i.e. the etching rate

in terms of sheet resistance increases, making the etch process harder to control. This is

further aggravated by the progressive deterioration of conductivity (cf. fig. 4.2, p. 52) and

the increased etching rate observed for thinner ZnO:Al films at least for the material observed

here. The latter being 3.57 and 4.85 nm/s for the thickest and thinnest sample presented in

fig. 6.6, respectively.

All in all the introduction of light trapping via wet-chemical texturing of the ZnO:Al

surface shows lacking effectiveness with decreasing (initial) ZnO:Al layer thickness. Thus,

since the annealing procedure allows implementation of such thin ZnO:Al-layers in terms of

opto-electronic properties (cf. sec. 4.2.24.2.4), the introduction of light trapping in a way

circumventing ZnO:Al texturization would be very attractive.

6.5 Utilization of micro-textured Glass Substrates

The data presented in this section has partialy already been published in ref. [191].

In sec. 6.4 the issue of deteriorated light trapping ability of thin, wet-chemically textured

ZnO:Al films was presented. This finding led to the demand for alternative light trapping

concepts. One of these concepts, among others (cf. sec. 2.2.4), is the incorporation of micro-

textured glass substrates that will be presented in this section. The textured glass substrates

have been realized and provided by Berliner Glas30. The micro-texture is achieved by a multi-

30Berliner Glas Surface Technology, Giengener Str. 16, 89428 Syrgenstein-Landshausen, Germany
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step acid treatment based on classic inorganic fluorine chemistry. The texture is brought on

to a conventional white glass (d = 3.2 mm) as presented in sec. 3.1.1. The process is carried

out with batches of large glass sheets. It can hence easily be applied on an industrial scale.

The details of the wet-chemical texturing are subjected to the intellectual property of Berliner

Glas and can therefore not be published here.

First the surface topography and the growth as well as the opto-electronic properties

of ZnO:Al layers on micro-textured glass will be discussed. Afterwards the implementation

of thin, annealed ZnO:Al films on such substrates in a-Si:H/µc-Si:H tandem cells will be

presented. The result are compared to reference devices incorporating the same ZnO:Al layer

as well as conventionally rather thick, non-annealed, texture-etched ZnO:Al on planar glass.

Thereby emphasis is placed on the light management in such devices.

The utilization of micro-textured glass basically changes the needs on the subsequently

deposited ZnO:Al layer: Formation of an appropriate surface texture upon wet-chemical

etching is no longer required. Thus, the ZnO:Al layer, i.e. its processing, can be further

adapted with focus set to its opto-electronic properties. On the other hand the ZnO:Al

growth on textured substrates could become an issue. However, in the following study the

ZnO:Al deposition process was not varied. First, this allows better comparison of the different

front texture systems and second, there was no need to adapt the process, since growth was

reasonable well also on the rough glass substrate, as we will see in the following.

6.5.1 Surface morphology and ZnO:Al film growth

Figure 6.7 shows the surface topography of the micro-textured glass (a) without and (b)

with ZnO:Al coating (d ≈ 260 nm, non-texturized; incl. SiOXNY), and for reference (c)

conventionally texture-etched ZnO:Al (already described as set A in sec. 4.3) with similar

lateral feature size. The glass surface consists of well defined etching craters with a typical

diameter around 800 nm. Additionally, some small plateaus (green marking) and grain- or

particle-like regions (blue marking) can be observed. The former are very likely remaining

portions of the original glass surface, which were not attacked by the glass texture etching

due to some reason not known. Since the textured glass substrates have also undergone the

cleaning process used for uncoated glasses (cf. sec. 3.1 the presence of loosely bound particles

is very unlikely. Thus the grain-like features are very likely due to the glass texturing process.

They did not constitute an issue throughout the whole cell processing. In fig. 6.7 (b) the blue

marks exemplarily show regions were the ZnO:Al seems to cover such textures.

On the bare textured glass the particular craters have smooth walls and a bowl-like

appearance. The latter is distinct compared to the texture-etched ZnO:Al, which shows

commonly a rather V-shaped crater profile, as can also be seen from the line profiles depicted

in fig. 6.8. As a consequence no distinct crater opening angle, like sometimes used as a
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Figure 6.7: (a-c) Topographical AFM scans (10× 10µm; 512× 512 pixel) of the surface of
micro-textured glass (a) without and (b) with ZnO:Al coating (d ≈ 260 nm, non-texturized;
incl. SiOXNY), and for reference (c) conventionally texture-etched ZnO:Al (cf. sample set
A in sec. 4.3). The scans are presented in a 3-D tilted view. The false color scale is identical
for all three scans. The green, blue and orange markings indicate the position of residual
plateaus, grain like textures (see text) and the line-profiles presented in fig. 6.8, respectively.
(d-f) SEM images of the ZnO:Al-layers on micro-textured glass, (d) tilted top view and (f)
tilted cross sectional as well as (e) tilted cross sectional view of the same ZnO:Al co-deposited
on planar glass. All SEM images have the same magnification. The red shaded areas and
yellow dashed lines indicate the nucleation layer and visible column boundaries, respectively
(see text).
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Figure 6.8: Line profile of the surface topography of micro-textured glass without (red
solid line) and with ZnO:Al coating (green dashed line), and conventionally wet-chemically
textured ZnO:Al on planar glass (black dotted line). The particular profiles were derived
from the corresponding 2-D AFM-scans depicted in fig. 6.7 (indicated by the orange dashed
lines).

derived property of textured TCOs, can be ascribed to these profiles. Compared to the

textured ZnO:Al the apparent crater depth is lower for most of the craters on the textured

glass. As can be seen from fig. 6.9 (a), this does neither lead to a narrowing of the height

distribution nor to a reduction of σRMS, which is surprising at a first glance. The reason for

this is of statistical nature and linked to the bowl-like crater form in combination with the

presence of very few rather deep craters for the textured glass. The inclination distribution

(b) on the other hand shows marked differences between those two: For the textured ZnO:Al

a pronounced maximum is visible at an inclination of 19 ◦, which shows a rather steep decay

particular towards smaller angles. Most of the surface fraction belongs to the crater walls,

which show a well defined inclination (V-shape) on the textured ZnO:Al. In contrast to this,

there is no reasonably distinct inclination linked to the crater walls for the textured glass

(bowl-shape). The presence of the ZnO:Al on top yields a moderate gain for higher values

of the local heights and inclination for both at the expense of intermediate values. Due

to the rather directional deposition characteristic of the sputter process and to shadowing

effects during deposition the craters get indeed slightly narrower and effectively steeper, since

the crater rims are subjected to a broadening. This can also be seen from comparing the

corresponding profiles in fig. 6.8. Moreover, this should lead to a slight increase in crater

depth, and hence σRMS. However, the increase observed from the experiment is hardly

reliable from a statistical point of view.
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Figure 6.9: (a) Height and (b) inclination distribution for the surface topography of micro-
textured glass without (red solid line) and with ZnO:Al coating (green dashed line), and
conventionally wet-chemically textured ZnO:Al on planar glass (black dotted line). The
data is derived from the corresponding AFM-scans presented in fig. 6.7. The local heights
are given relative to the particular mean value. The values of the RMS-roughness (σRMS

and auto correlation length (ACL) are added in (a). The font color corresponds to the line
color.

The remaining sub-figures of Figure 6.7 (d-f) are dedicated to the ZnO:Al growth itself.

They show SEM images of the as-deposited ZnO:Al films of about 260 nm thickness (including

SiOXNY layer). All SEM images have the same magnification. Sub-figure (d) shows a tilted

top view for growth on textured glass. A tilted cross sectional view is shown in (f) for this

sample and (e) for the same ZnO:Al co-deposited on planar glass. Obviously, all films show

an as-grown (non-intended) surface texture, which is common for sputtered, poly-crystalline

ZnO:Al layers [9]. It comprises a rather small lateral feature size (l / 100 nm) and RMS-

roughness (/ 5 nm) not appropriate to introduce light scattering in the visible wavelength

range (sub-wavelength sized), even in silicon with its high refractive index. The origin of this

texture is well known and gets obvious from the cross sectional views in (e) and (f): After a

certain film thickness the initially disorder growth (illustrated by the red shaded areas) turns

in to a fiber textured growth regime. From there on the films show a predominantly columnar

appearance (yellow dashed lines illustrate column boundaries) indicating the preferential

[001]-directional crystalline orientation (cf. sec. 4.2.1). The top of each of those columns

appears as one hill-like surface feature. Noticeable, the columns, as indicated by their visible

boundaries do not represent a single crystal. Moreover, they typically consist of several

crystals [192].
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From sub-figures (d) and (f) it can be seen that the ZnO:Al layer nicely covers the micro-

texture of the glass. The film thickness (normal to the local plane) increases from crater

walls to valleys to rims (≈ 240, 280 and / 310 nm, respectively); again a consequence of the

predominantly directional deposition characteristic of the sputtering process31. The thickness

of the film co-deposited on the planar glass (e) shows an intermediate value of ≈ 260 nm. This

is in good accordance to the thickness of 268 nm as derived from step profiler measurements

in this case.

Concerning the column orientation on the textured glass surface, it is apparently mainly

determined by the local inclination of the substrate. The lateral column size follows the

curvature of the surface, being larger at convex sites, i.e. the crater rims and slightly smaller

at concave sites, i.e. the crater bottom, compared to non-curved sites, i.e. the crater walls.

This effect is also well known and related to the growth mechanism of the ZnO:Al layer: Af-

ter the nucleation process the columnar crystallites grow predominantly in (001)-directional

orientation. Without any surface curvature neighboring columns just grow side by side and

form a dense layer. For convex substrate curvature the crystallites need to expand laterally

with growing film thickness in order to maintain a dense layer. In other words, the directional

guidance normally experienced by neighboring crystallites is lost to a certain extend (scaling

with the particular curvature). For concave curvature on the other hand neighboring columns

increasingly compete with each other with evolving film thickness. This competition is gen-

erally accompanied by an increased crystal defect density. In extreme cases this can also lead

to “hard” collision of growing crystallites leading to the formation of voids underneath.

A good experimental investigation and discussion of the growth of sputtered ZnO:Al on

various, particular textured, model substrates can be found in the thesis of Greiner [47],

particular in chapter 3. These experiments were conducted on ZnO:Al originating from

a static, non-reactive RF-magnetron sputter process incorporating a ceramic ZnO target

doped with 1 wt.% Al2O3. Despite the differing deposition technique, his findings support

our observation concerning the grows of ZnO:Al layers on the textured substrate.

To conclude the observations of morphology and ZnO:Al growth, the micro-textured glass

shows a crater-like topography with lateral crater dimensions and RMS-roughness similar to

those of a specific conventionally texture-etched sputtered ZnO:Al, which is known to have

very good light trapping properties in combination with an µc-Si:H based absorber. Despite

this similarity, the crater form is different; bowl-like for the glass and inverted cone like (V-

shaped) for the ZnO:Al. This difference should be preferential for the material quality of

silicon grown on top in order to realize a thin film solar cell (cf. sec. 2.2.3). The consequences

of this difference for the light trapping in such devices will be discussed later.

31The film thicknesses given in parenthesis have been derived directly from the SEM image (corrected for
the tilt).



100 6.5 Utilization of micro-textured Glass Substrates

ZnO:Al films grown on top of the textured glass form a dense layer with no obvious (visual)

defects. The film thickness varies slightly for the different feature sites. The typical columnar

growth was also observed. As expected, the columns are in principal aligned perpendicular

to the local glass surface. This leads to a lateral size of the columns, being larger on top of

the rims and slightly lower at the bottom of the craters.

6.5.2 Light scattering and opto-electronic properties of the ZnO:Al

The motivation for the incorporation of the micro-textured glass is the introduction of light

trapping without the necessity to texture-etch the ZnO:Al layer. Therefore we will first briefly

evaluate its light scattering ability in comparison to conventionally textured ZnO:Al layers

on planar glass. Figure 6.10 shows haze and total transmittance of micro-textured glass with

and without a ZnO:Al layer on top. The latter is the sample already presented in fig. 6.7
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Figure 6.10: Haze and total transmittance of micro-textured glass and textured ZnO:Al
layers on planar glass as a function of the wavelength. The plot includes the data for bare
micro-textured glass (black line), the same coated with a 250 nm thick, non-texturized,
cap-annealed (500 ◦C, 6 h) ZnO:Al layer (solid red line), the same ZnO:Al deposited on
to planar glass (borofloat) and treated in the same manner (dash dotted red line), and a
conventionally textured ZnO:Al layers on planar glass (white glass, dotted blue line). The
topography of the particular samples has already been presented in fig. 6.7 (a), (b,d,f),
(e) and (c), respectively. Additionally the plot shows the data of another conventionally
texturized ZnO:Al layer on planar glass (dashed green line). This sample represents our
standard front electrode. Despite the different thickness, the material is identical to that
used for the coating of the micro-textured glass. The surface topography is very similar
to that of the sample presented in fig. 6.6 (g). All samples containing a ZnO:Al layer also
exhibit an intermediate SiOXNY layer. The value of the sheet resistance is also added to
the plot for these samples.
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(b,d,f), but after being subjected to a cap-annealing (500 ◦C, 6 h). The data is compared

to those of the similarly textured ZnO:Al layer presented in fig. 6.7 and a thicker, textured,

non-annealed version of the same ZnO:Al type used on the micro textured glass. The latter

representing our standard front electrode.

The bare micro-textured glass shows a reasonable amount of haze with a decay towards

longer wavelength, which is usually observed with such lateral feature dimensions. At the

same time it exhibits the high transmittance of a typical white glass (T ≈ 92 %) with a slight

decrease towards longer wavelength. The latter is very likely related to higher absorptance,

as the texture also introduces an internal light trapping within the glass itself.

The presence of the ZnO:Al layer (incl. SiOXNY) on top of the micro-texture does gen-

erally not affect the haze. Only for short wavelength (λ < 550 nm) a slight reduction can be

observed. Compared to the two conventionally textured ZnO:Al layers on planar glass the

haze obtained with the micro-textured glass is far below that of the textured ZnO:Al layer,

which noteworthy comprises a similar lateral feature size and RMS-roughness (cf. fig. 6.7 and

fig. 6.9 (a) ), but outperforms that of our standard ZnO:Al front electrode. Both ZnO:Al-

based textures show a stronger decay in haze towards longer wavelength. Thereby, the slope

of the moderately textured sample shows a pronounced reduction with evolving wavelength,

whereas that of the strongly textured ZnO:Al is rather constant. For λ / 400 nm the haze is

higher on the moderately textured standard ZnO:Al compared to the ZnO:Al coated micro-

textured glass. For long wavelength on the other hand the latter approaches the curve of the

strongly textured ZnO:Al surface.

The marked difference in haze for the strongly textured ZnO:Al and the micro-textured

glass, which turned out to have a rather similar topography, at least in the commonly regarded

quantities lateral feature size (or ACL) and σRMS (and even the height distribution itself)

is one of the finest examples for the big influence of the actual shape of the topography on

the light scattering properties of a surface topography. Furthermore, since both textures

are obviously very different in terms of the resulting haze, the higher haze for the ZnO:Al

based texture does not necessarily imply a better light trapping when implemented as front

electrode in solar cells. This is vice versa also true for the rather low haze of the third,

moderately textured standard ZnO:Al layer. We will come back to this circumstance in the

course of this section.

Regarding the total transmittance of those three samples, thanks to the cap-annealing and

the rather thin layer thickness the ZnO:Al coated micro-textured glass clearly outperforms the

other two. The values for the sheet resistance of this three samples have also been added to the

plot. Without concerning about the minor differences, which could be easily canceled out by

adapting initial film thickness, etch duration or cap-annealing without changing the general

optical differences shown here, all samples have a comparable sheet resistance reasonable for
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application as front electrode in a-Si:H/µc-Si:H tandem solar cells.

To evaluate the impact of the micro-textured glass on the electronic properties of the

ZnO:Al layers grown on top of that, a set of ZnO:Al films has been co-deposited on planar

and micro-textured glass. The films are nominally identical to those introduced in fig. 6.7 (e)

and (b,d,f), respectively. Table 6.6 shows the electronic properties for this samples after and

before (in parenthesis) cap-annealing (500 ◦C/6 h) as derived from Hall-effect measurements.

Since the determination of the ZnO:Al film thickness on micro textured glass is not straight

forward, we will assume the film thickness to be equal to that measured for the film deposited

on planar glass. Referring to the film thickness as derived from the SEM images (fig. 6.7 (e),

(f)) this is a proper estimation. Note, that the determination of both µHall and RS does not

depend on the film thickness.

Table 6.6: Electronic properties of thin ZnO:Al layers on micro-textured
and planar glass. The values after/before cap-annealing are placed be-
fore/in the parenthesis, respectively. The cap-annealing was carried out
at 500 ◦C for 6 h.

glass ne,Hall µHall ρHall RS dZnO:Al

surface 1020 cm−3 cm2

Vs 10−4 Ωcm Ω nm

textured 5.6(3.7) 23(26) 4.85(6.41) 19.5(25.6) 250*

planar 5.5(3.8) 32(29) 3.60(5.69) 14.5(22.7) 250

* The same thickness as determined for the samples on planar glass has
been assumed for calculation.

The charge carrier density in the ZnO:Al is not significantly affected by the choice of

the substrate both before and after cap-annealing. As expected from the results presented

in sec. 4.2.2 it increases upon cap-annealing. The mobility on the other hand is initially

slightly lower for the film on micro-textured glass and even decreases upon cap-annealing,

whereas the film on planar glass shows the expected slight increase in mobility. With respect

to resistivity (and sheet resistance) the drop in mobility is still overcompensated by the gain

in charge carrier density but severely reduces the benefit of cap-annealing.

The lower mobility for the ZnO:Al layer grown on the micro-textured glass points at a

higher density of defects affecting the electronic transport already in the initial state. The

cap-annealing, despite introducing a higher charge carrier density, seems to be less efficient in

terms of defect annealing. At this point it is noteworthy, that Greiners thesis [47] mentioned

above is originally dedicated to investigations on the degradation of the electronic properties

of ZnO(:Al) layers in a so called damp heat test; a specific accelerated aging test where

the samples are exposed to an atmosphere with 85 % relative humidity and 85 ◦C ambient

temperature.

This is particular an issue in the context of thin film solar cells realized in substrate
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configuration, where the ZnO:Al front electrode is the uppermost layer in the stack and hence

more exposed to environmental influences. Moreover, it was evidenced that the degradation

is due to the disturbance of the ZnO:Al structure related to the growth on micro-textured

substrates (extended grain boundaries), see also [193], like in our case. In the initial state the

ZnO:Al layers showed only slightly lower conductivity, but after exposure to the damp heat

environment a severe degradation particular in DC-, i.e., Hall-mobility was observed. The

stability in this context was higher for thicker layers.

All in all there are a lot of analogies in the observations. This leads us to the assumption

of similar root causes and indicates another trade-off; beside those like light trapping versus

Si-growth or transmittance vs. conductivity etc.; that deserves attention when incorporating

(micro)-textured substrates. Of course, to clarify the root cause of this effect needs further

investigation, but is not in the focus at this point.

The important thing for now is to recall that the cap-annealing of the thin ZnO:Al layer

grown on the micro textured glass still showed an improvement in conductivity. Furthermore,

it still comprises the optical gains (reduced sub-band gap absorption, band-gap shift) already

observed for films grown on planar glass.

6.5.3 Application to solar cells

In this section the micro-textured glass will be utilized as substrate in a-Si:H/µc-Si:H tandem

cells (referred to as sample type A here). The results will be compared to those of cells

grown on planar glass incorporating the same, thin, non-textured, cap-annealed ZnO:Al layer

(sample type B) and a conventionally texture-etched, non-annealed (standard) ZnO:Al layer

(sample type C). In a first part we will focus on the light management in these devices before

the results of the overall cell performance will be presented in a second part.

Figure 6.11 shows the external quantum efficiency and the total cell absorptance for all

three sample types. The short wavelength onset of the EQE is located at λ ≈ 320 nm for

sample A and B and at 340 nm for sample C. Moreover, the slope is steeper for the former

two compared to the latter. Both differences are clearly related to the use of cap-annealed

ZnO:Al, namely the band gap shift due to increased charge carrier density and the reduction

of sub-band gap absorption, respectively. At a wavelength of ≈ 390 nm the EQE of sample

A and B saturates rather abrupt at a value of about 72 %, whereas the EQE of sample C

increases further until it reaches a maximum of 85 % at 490 nm. This differences seem to

correspond with a drop in total cell absorptance for sample A and even more pronounced for

sample B as soon as the ZnO:Al gets transparent, i.e. a reasonable EQE is detected for these

cells.

In the further course the general trends in EQE and 1−R coincide for each particular cell.

The data for sample B shows some smooth oscillations and a prominent hump at λ = 615 nm
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Figure 6.11: EQE and 1 − R of a-Si:H/µc-Si:H tandem cells. The particular cells in-
corporate a 250 nm thick, cap-annealed (500 ◦C/6 h) ZnO:Al layer on micro-textured glass
(red solid line, squares) and planar glass (green dotted line, circles) as well as our standard
front-electrode consisting of a non-annealed, texture-etched ZnO:Al on planar glass (blue
dashed line, triangles). The latter had a film thickness of 705 and ≈ 420 nm before and after
texturing, respectively. For the sake of clarity the individual sub-cell EQE data is presented
in pale colors. The EQE derived photo current densities for the top and the bottom cell
are added to the plot. The font color corresponds to the particular line/symbol color.

followed by a deep minimum centered around 690 nm. Both features can also be observed,

despite being less pronounced, for sample A and very gently for sample C. In both cases the

features occur at slightly shorter wavelength, namely 590 and 650 nm for the hump and the

minimum, respectively. In the long wavelength region (λ > 640 nm) the data for sample B

is dominated by strong oscillation with a rather small period, again coinciding for EQE and

1 − R. Both stays virtually below the corresponding data of the other two samples, only

approaching those at the position of the maxima of the afore mentioned oscillation. The

occurrence of such an oscillation; i.e. with a similar, small period; can also be observed in

the data of sample C and (at least in 1 − R) sample A. Since the amplitude is rather small

in these cases, particular for sample A, it is hard to determine a starting wavelength.

Comparing the data for sample A and C, the afore mentioned hump and minimum could

also be interpreted as zeroth order of a damped oscillation, which seems to be also present

for sample B, but is masked due to superimposition of the marked small period oscillation in

this case.

Finally, all these effects yield a lack in top cell current density, being 1 and 1.4 mA/cm2 for

sample A and B, respectively, compared to sample C. For the bottom cell the photo current

density of sample A almost approaches that of sample C, whereas sample B exhibits a marked
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deficiency. Recalling the under estimation of the photo current related to the particular small

spot setup, also used for the EQE measurements presented in fig. 6.11, and especially the

differences therein depending on the light trapping texture (cf. sec. 5, particular fig. 5.5, p.

78), the picture remains generally the same, but the bottom cell current of sample A even

slightly outperforms that of sample C. However, the data derived from the small spot setup

was favored, since its small step size (∆λ = 10 nm) is more appropriate to sample all the

features observed and presented above.

To get an idea of the origin of the various features described above, the calculation of the

IQE as well as the separation of total cell reflectance into its specular and diffuse component

is very helpful. Figure 6.12 depicts those data for all three cells (A-C). Recall that the IQE

represents the fraction of totally absorbed light which contributes to the collected photo

current (cf. eq. (2.48)). A comparison of the large area and small spot setup derived IQE

reveals that the offset of the curves visible in the small spot derived data below λ ≈ 700 nm

is mainly attributed to the artificial underestimation related to multiple reflection within the

front glass (cf. sec. 5). Even the pronounced dip in the IQE for sample A at 650 nm is largely

due to this artifact. Despite that, and the shift and steeper slope of the onset for sample

A and B, related to the ZnO:Al annealing, the IQE data of all samples is rather similar.

This evidences our assumption, that the remaining prominent differences found in EQE are

mainly related to different reflective losses rather than different parasitic absorption.

Before we come to the specular and diffuse cell reflectance, we should reflect and conclude

about some basic expectations: (i) A flat surface should only yield specular reflectance;

(ii) A rough surface yields a certain fraction of diffuse reflectance; (iii) The light scattering

ability of micro-textured surfaces decreases with evolving wavelength; (iv) The occurrence

of interferential effects, detectable as oscillations in the reflectance, is related to multiple

reflections within particular layers and requires a certain amount of coherence.

Now we will come to the reflectance data presented in fig. 6.12 (b). At a wavelength

of 250 nm all samples exhibit a specular reflectance around 4.5 % and virtually no diffuse

reflection. At this point the ZnO:Al layer is highly absorptive and hence no light is trans-

mitted beyond that layer. The observed specular reflectance originates mostly from the

air/glass interface. Moreover, there can be no reasonable reflectance at the glass/SiOXNY

and SiOXNY/ZnO:Al interface. Otherwise one should see a significantly higher value of

Rspecular for sample B and C as these interfaces are flat in these devices, in contrast to sample

A. This evidences the effectiveness of the SiOXNY layer in serving as anti-reflective film.

With evolving wavelength the ZnO:Al film gets transparent rather abruptly as soon as its

band gap wavelength is passed and additional features appear in the data for each sample:

Sample A for the first time shows a diffuse reflectance comprising an oscillation. The specular

reflectance of sample B shows an additional portion, which is very similar to the latter but
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Figure 6.12: (a) IQE based on EQE as derived from the small spot (dark lines, full
symbols) and the large area setup (pale lines, open symbols), and (b) diffuse (solid lines,
full symbols) and specular (dotted lines, open symbols) reflectance of the a-Si:H/µc-Si:H
tandem cells already presented in fig. 6.11. For wavelength above 1100 nm the corresponding
total reflectance is also shown (dashed, lines). The particular cells incorporate a 250 nm
thick, cap-annealed (500 ◦C/6 h) ZnO:Al layer on micro-textured glass (red line, squares)
and planar glass (green line, circles) as well as our standard front-electrode consisting of a
non-annealed, texture-etched ZnO:Al on planar glass (blue line, triangles). The latter had a
film thickness of 705 and ≈ 420 nm before and after texturing, respectively. Note the wider
wavelength range of sub-figure (b) (indicated by the vertical dashed lines).
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shows a bit higher level and amplitude. Sample C on the other hand only shows a gradual

minor increase in Rdiffuse, which exhibits no interferential features. All remaining quantities

don’t show any significant changes. Since the a-Si:H top cell absorber can be assumed as

fully absorbing for λ / 600 nm, all these features are ascribed to the ZnO:Al layer, i.e. to

interferences originating from reflections at the ZnO:Al/Si interface. This is further evidenced

by the fact, that the distance in wavelength between adjacent extrema decreases for thicker

ZnO:Al layer thickness for samples of type B (not shown).

The absence of oscillations and the low level of additional (diffuse) reflectance for sample C

indicates an effective light scattering (less coherence) and light coupling (lowR) of the texture-

etched ZnO:Al surface, i.e. ZnO:Al/Si interface. Vice versa the presence of oscillations and

the reasonable increase in R for sample A and B is an indicator for low light scattering and

light coupling ability, respectively. For sample B this is less surprising, since it doesn’t has

any reasonable surface roughness. Sample A on the other hand exhibits a rather pronounced

surface texture, but obviously this is neither providing reasonable light diffusion nor light

coupling.

Note, that for sample A it was the diffuse reflection that did increase and showed interfer-

ential, hence coherent, effects whereas its specular reflectance was virtually not affected. This

seems to be contradictory but is simply related to the somehow misleading notation of diffuse

reflection in this particular context: Assuming, for simplicity, geometric light scattering (i.e.

2·ACL >> λ) the reflection at a reasonable tilted surface element would be completely specu-

lar. However, due to the tilt it won’t be detected as being specular by our measurement setup

(cf. sec. 3.2.2). Following this interpretation and regarding the particular surface topography

of the micro-textured glass (cf. fig. 6.7 (b,d,f)), which sample A is representing, it seems to

lack sufficiently small lateral features and would be hence indeed more geometric in terms of

its light scattering regime for the short wavelength region compared to the texture of sample

C (cf. e.g. fig. 6.6, p. 92). In other words, the reflected light is in fact redirected with respect

to the specular direction by the texture of sample A, but it is not reasonably diffused, i.e. a

reasonable fraction of the reflected intensity is arranged within a small angular distribution,

and hence still allows interferential effects. This argumentation should also be supported by

the fact, that the ZnO:Al layer in sample A, in contrast to sample C, still exhibits a rather

conformal character. Despite being grown on a micro-textured surface, the ZnO:Al film itself

shows only minor thickness variations (cf. fig. 6.7 (f)).

At a wavelength of around 600 nm the hump, followed by the minimum, was observed in

cell absorptance and EQE (cf. fig. 6.11). Accordingly a minimum and a hump, respectively,

is expected either in Rspecular or Rdiffuse or both. Like before, the features are solely occurring

in Rdiffuse for sample A and (more pronounced) in Rspecular for sample B. For sample C

the rather small feature can be related to both specular but mainly diffuse reflectance. The
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appearance of those features can be ascribed to the back reflections from the intermediated

reflector layer, like we will see in the course of this section, leading to more or less pronounced

interference effects in the a-Si:H top cell.

For λ > 620 nm interference fringes with a rather small period start to appear in both

Rdiffuse and (more pronounced) Rspecular for sample B. Moreover, this is the first time that

sample B shows a reasonable amount of diffuse reflection. This wavelength position represents

the point, where the light reflected at the back reflector escapes the cell for the first time.

The oscillation is related to the µc-Si:H bottom cell and the period hence to its optical

thickness. Due to the native roughness of the µc-Si:H surface, this reflection comprises a

diffuse fraction. Apart from the oscillation the latter reaches a maximum around λ = 1000 nm

and afterwards slowly decays to zero again. This indicates that the native µc-Si:H texture

gets more and more inappropriate to scatter light with increasing wavelength. Also note the

offset in position of the minima and maxima in the interference fringes between the specular

and diffuse reflectance. They indicate a very slight optical path difference, i.e. a very low

effective scattering angle of the diffuse portion. With evolving wavelength gradually more

of the scattered light is detected within the acceptance cone of the specular measurement

channel, and is hence artificially accounted as being specular (cf. sec. 3.2.2). This also

explains the increasing asymmetric shape of the oscillations for longer wavelength.

A similar behavior can be observed for sample C: Above λ ≈ 700 nm the diffuse reflectance

increases with wavelength and starts containing oscillations with a rather moderate amplitude

compared to sample B. It reaches a global maximum around 1100 nm before it gently decays.

At λ = 800 nm the specular reflectance of sample C also starts to exhibit interference fringes,

which’s amplitude generally increases with wavelength. Despite that, the minima remain at

values around Rspecular = 4.5 %. The interpretation remains generally the same as for the

planar sample B, but qualitatively the front texture present in sample C leads to stronger light

scattering and a higher degree of incoherence, as indicated by the generally higher fraction of

diffuse reflectance and the overall lower amplitudes of the interference fringes, respectively.

Following this argumentation sample A shows the strongest light scattering and highest

incoherence of reflected light in the long wavelength range above 750 nm. It comprises only mi-

nor of these bottom cell related interferential features in both specular and diffuse reflectance.

Moreover, it shows by far the highest diffuse reflectance, particular for λ > 1050 nm, whereas

its Rspecular approximately follows that of sample C, apart from the oscillation observed

mainly in the latter.

To answer the question whether the bad light coupling found for sample A can be related

to the generally larger surface features compared to sample C, in fig. 6.13 we compare the

EQE and 1 − R of sample A (grown on micro-textured glass) to that of an a-Si:H/µc-Si:H

tandem cell grown on the ZnO:Al type presented in fig. 6.7 (c), which has similar σRMS and



6 APPLICATION OF ANNEALED ZNO:AL TO A-SI:H/µC-SI:H SOLAR CELLS 109

 !! "!! #!! $!! %!! &!! '!! (!!! ((!!

!

)!

"!

$!

&!

(!!

**************+,-..*/*01234,

*5675896:*/*1;1<5675896:

****=,-1-9*/*.59;1+*5675896

 
!
 

 
!
"
#
"

!
$
%

&

>-?6,61+5@*A1BC

 

5;=

AB4/DB

)

C

((E!'

((E$)

 

F;5

AB4/DB

)

C

**((E '

*****()E$$

(<!

"#"

Figure 6.13: EQE and 1−R of the a-Si:H/µc-Si:H tandem cell already presented as sample
A in fig. 6.11(red solid line, squares) compared to those of a cell grown on a non-annealed,
texture-etched ZnO:Al on planar glass (black dotted line, circles). The latter is of the same
type as the one shown in fig. 6.7 (c) and hence comprises a similar topography in term of its
surface statistic (see text there). For the sake of clarity the individual sub-cell EQE data
is presented in pale colors. The EQE derived photo current densities for the top and the
bottom cell are added to the plot. The font color corresponds to the particular line/symbol
color.

ACL as sample A. Without going into detail the cell grown on the similarly textured ZnO:Al

layer shows both excellent light coupling and light trapping. Therefore, it is evidenced that

the bad light coupling found in the cell grown on micro-textured glass is not an issue of

general feature size or depth. The bowl-like shape found for the micro-textured glass seems

to be not appropriate in this sense.

Another explanation could be linked to the fact, that the texture in sample A is introduced

via the glass/ZnO:Al interface instead the ZnO:Al/Si interface. An interesting hint to that

can be derived from a recent publication by Meier et. al [115]. They used UV-nanoimprint

lithography (cf. sec. 2.2.4) to transfer the surface topography of a sputter-etched ZnO:Al

with rather large feature sizes (similar to that of the ZnO:Al presented in fig. 6.7 (c)) to a

thin polymeric film on glass. The refractive index of this polymeric was very close to that

of glass. Afterwards a 250 nm thick, virtually smooth ZnO:Al-layer was deposited onto the

texture. Obviously, the sample setup is hence very similar to ours in the case of the samples

on textured glass, despite the particular texture itself. Finally, they utilized these samples

as substrates for p-i-n µc-Si:H single junction solar cells and observed interferential features

leading to reflective losses, like we did in sample A (and B). The key point is, that they did

not observe any interferential oscillations in their reference sample grown on the original,



110 6.5 Utilization of micro-textured Glass Substrates

identically textured ZnO:Al.

This can not be explained by the different thickness of the ZnO:Al layer itself, since

this would mainly just lead to a different wavelength period of the interferential oscillations

(shorter for the thicker film). Hence, this demonstrates that the light coupling ability of

a substrate is not solely related to the texture at the ZnO:Al/Si interface, but also on the

particular layer setup underneath. Similar observation were also presented in a publication

from the same group utilizing dry-etching processes to texture glass substrates [194]. In both

publications the undesired effect was circumvented by implementing a ZnO:Al layer as thin

as 60 nm, which simply shifts the interference fringes away from the optical window of the

ZnO:Al. However, this of course significantly increases the sheet resistance of the ZnO:Al

and hence leads to a severe resistive loss when utilized in solar cells.

This brings us to the point where we should discuss how light coupling can be achieved by

texturing an interface. There are mainly three effects related to that: The first one is referred

to as effective medium approach (EMA) originally based on a work by Bruggeman [51]. It

basically treats the roughness between two media as a graded transition of the particular

refractive indices. The important restriction to that concept is the assumption, that the

lateral feature size of the incorporated texture elements is sub-wavelength sized. Otherwise

the texture would no longer serve as an effective index grading rather than simply introduce

light scattering. In the case of Si with nSi ≈ 4 this limits the lateral feature size contributing

to the EMA to / 100 . . . 250 nm depending on the wavelength regime. Therefore, it is rather

unlikely, that the huge lack in light coupling found for sample A is exclusively related to

EMA (see also [101]). The second effect takes place in the geometrical regime, i.e. when the

typical lateral feature size is larger than the wavelength of the light. The portion of light

that is (specular) reflected at an inclined surface element has a certain chance to imping the

surface again at a neighboring surface element [195–197]. We will come back to this effect in

sec. 6.6, where we make explicit use of it. For the situation discussed here, it could have some

impact on the light coupling but is not believed to comprise a major contribution. The third

effect yielding light coupling at a rough interface is of rather secondary nature and related

to light scattering of the reflected light. This in general leads to total reflection for part of

the back reflected light as we have already seen in sec. 5 (cf. fig. 5.2, p. 74). Actually, the

phenomenon discussed there as an artificial loss in the EQE, when measured with the small

spot setup, is in fact part of the light coupling mechanism discussed here.

Figure 6.14 depicts the different situation for the back-reflected light when utilizing tex-

tured glass compared to textured ZnO:Al. The scheme is a coarse geometrical approximation

of a local situation, but it provides a plausible illustration for a possible reason of the worse

light coupling when the texture is introduced at the glass/ZnO:Al interface instead of the

ZnO:Al/Si interface, even when the same texture is utilized. For a real micro-texture the
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Figure 6.14: Schematic drawing indicating the impact of using textured glass on the
retro-reflective light coupling. The values shown are based on geometrical optics and hence a
coarse approximation. Depicted are analog situations for both the utilization of (a) textured
ZnO:Al on planar glass and (b) textured glass coated with a uniform ZnO:Al film. The
inclination of the particular “texture” is the same in (a) and (b) and was chosen as to fit
the critical angle of total reflection at the air/glass interface in example (a). For larger
“scattering” angles an analog situation would occur for total reflection at the ZnO/glass or
the ZnO/SiOXNY and SiOXNY/glass interfaces as indicated by the additional critical angles
given.

light is of course scattered, i.e. exhibits an angular distribution, and hence is only partially

affected by the depicted situation.

Some of the above listed observation have substantial similarity with those made by Dom-

iné for a-Si:H/µc-Si:H grown on differently textured and/or plasma-treated [198] LPCVD-

grown ZnO:B layers [101]. Namely, he found (i) an overall increased total cell reflectance

for longer plasma-treatment, i.e. nano-scaled smoothening, of the ZnO:B surface; and (ii)

additionally the occurrence of interference fringes for λ > 500 nm if an intermediated reflec-

tor layer was incorporated. Both effects led to a reduction of the photo generated current

density and scaled with the duration of the smoothening plasma-treatment. The latter (ii)

also depended on the thickness of the IRL and could be attributed to the diffuse reflectance

as obtained from additional experiments he carried out on glass/ZnO:B/a-Si:H stacks. The

analogy in this problems gets even more pronounced if we follow the original description of

Bailat on the modifications obtained on the ZnO:B surface topography due to the plasma-

treatment. He stated, that “V-shaped valleys [. . . ] turn into U-shaped valleys”. Hence this

also supports the marked differences found in light coupling for the otherwise similar bowl-(U-

) and inverted cone-(V-)like topography of the micro-textured glass and the strongly textured

ZnO:Al, respectively (cf. fig. 6.7 (a-c) and fig. 6.13).

Moreover, Dominé observed a decreasing efficacy (gain in top cell current density) and

efficiency (ratio of gain in top cell to loss in bottom cell current density) of the IRL with
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increasing plasma-treatment time [101]. Both effects were present for all (non-zero) IRL

thicknesses. The sensitivity of the IRL performance on the particular texture of the front

TCO utilized in an a-Si:H/µc-Si:H tandem cell was also discussed in a publication from

our group [99], which compared the IRL performance as a function of its thickness in cells

grown on different TCOs , i.e. different textures, based on experiments and rigorous optical

simulations. The outcome of both works can coarsely be summarized by a rule of thumb:

Both the efficacy and efficiency of the IRL mainly rely on a good light trapping introduced

by the front texture, particular in the wavelength region 500 to 700 nm, where the IRL is

working. Otherwise the light reflected by the IRL is not efficiently trapped within the top

cell and yields reflective and absorptive losses. The latter is ascribed to increased parasitic

absorption. Moreover, the response to a variation of the IRL thickness is distinct for the

different front textures, leading to different optimal IRL thickness in terms of top cell gain [99].

In the following we will have a closer look on the influence of the IRL in the context

of our three substrate types. Figure 6.15 shows EQE and 1 − R (a,c,e) as well as IQE

(b,d,f) of nominal identical a-Si:H/µc-Si:H tandem cells, comprising a different thickness of

the intermediate reflector layer (none “0”, 20 and 60 nm) grown on the known three front

texture/electrode configurations, A(a,b), B(c,d) and C(e,f). For λ / 500 nm all shown data

is virtually identical for each cell type irrespective of the IRL thickness variation. This

first demonstrates the good reproducibility of all processes and characterization techniques

incorporated, and furthermore evidences that the light entering the top cell is indeed fully

absorbed within a single pass in this wavelength regime, since it is not affected by the different

optical situation behind the top cell. The general variations for the different cell structures due

to the use of thin cap-annealed ZnO:Al for sample type A and B as well as the texture-/layer

setup-related lack in light coupling in these two types, as discussed before, are apparently

present.

Regarding the influence of the IRL, starting with sample C this time, with increasing

dIRL the falling and rising edge of the top and bottom cell EQE (e), respectively, is gradually

shifted towards longer wavelength. This is exactly, what the IRL is intended for: shifting

bottom cell into top cell current density. Besides that, the presence of the IRL has only

minor effects on the summed EQE and 1−R: Above λ = 500 nm the interferential oscillations

(already discussed) appear and are more pronounced for thicker IRLs. Note that also without

the IRL a rather small oscillation can be seen. This is due to the bottom cell p-layer, which

also contains a thin µc-SiOX:H-based sub-layer (with low refractive index), hence comprising

also a small reflective effect. The IQE of these cells depicted in fig. 6.15 (f) reveals that the

insertion of an IRL also leads to a small absorptive loss for λ > 700 nm. This has to be due

to additional absorption of light in the IRL itself or in other layers not contributing to the

photo current generation. The latter can be explained by a light trapping effect, e.g. within
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Figure 6.15: (a,c,e) EQE, 1 − R and (b,d,f) IQE for a-Si:H/µc-Si:H tandem cells with
differing intermediate reflector layer thickness. The particular IRL thicknesses were “0”, i.e.
no intended IRL (red solid line), 20 (green dashed line) and 60 nm (standard thickness, blue
dotted line). The cells are grown on the known three front texture/electrode configurations
used throughout this section, namely sample type A (a,b), B(c,d) and C(e,f). For the sake
of clarity the curves for the summed EQE are not shown for sample B (c).
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the top cell where this light can not be utilized rather than gets parasitically absorbed in the

surrounding layers.

For the sample type B the implementation of the IRL shows almost no improvement of the

top cell EQE, but at the same time clearly reduces that of the bottom cell. In other words:

It fails its desired purpose. The latter is linked to strong interferential effects observable in

EQE and 1−R leading to severe reflective losses above λ ≈ 500 nm. They are modulated onto

the interference fringes originating from the interaction of the back reflector and the bottom

cell. Therefore it is hard to quantify the differences, but the IQE of these cells (d) shows

virtually no difference, hence indicating no changes in the fraction of parasitic absorption

with respected to the totally absorbed light, irrespective of the particular IRL thickness.

The most obvious influence of the IRL is found for the cell type A (cf. fig. 6.15 (a)).

Here, the interferences, again promoted by thicker IRL layers, can be clearly identified as

oscillations, again for λ > 500 nm, ranging throughout the whole recorded spectral range

(even up to 1500 nm; not shown). Since light with λ ' 750 nm can not be absorbed in the

a-Si:H based top cell this constitutes an inherent loss. In spite of that, the IRL seems to

shift at least some of the current density lost in the bottom cell to the top cell. The IQE of

these cells (b) indicates that part of the EQE losses are due to parasitic absorption. From

comparison with IQE data derived from the large area EQE measurement setup the dip

observed around 650 nm can be ascribed to the artificial loss related to the small spot EQE

measurement setup (cf. fig. 6.12). Note, that this does not affect the reflective portion of this

loss. The bump between 700 and 900 nm on the other hand is a real absorptive loss.

The bar graph shown in fig. 6.16 allows a quantitative comparison of the changes in-

troduced by the IRL in terms of the corresponding (implied) photo current densities. The

interpretation of the particular bars is as follows: The IRL typically introduces a loss in

bottom cell current density (total bar height), which either contributes to the gain in top cell

current density (the intended purpose, blue fraction) or it is lost for photo current generation

due to increased reflective (green fraction) and/or absorptive losses (red fraction).

The data reflects the qualitative assumption already made. For sample B the introduction

of the IRL yields virtually no efficacy, i.e. the top cell current density is almost unaffected.

The bottom cell current density on the other hand is significantly reduced mainly due to

reflective losses. Both effects increase with IRL thickness. The absorptive losses are rather

small.

For the cells of type A and C the changes in case of the 20 nm thick IRL are in effect

identical. In contrast to type B cells roughly a third of the bottom cell current density loss

is shifted to the top cell. The reflective loss is rather small and the absorptive one accounts

approximately half of the bottom cell current density loss. In case of the IRL with 60 nm

(standard) thickness bottom cell and absorptive loss are still similar for type A and C, but the
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Figure 6.16: Quantitative analysis of optical changes introduced by the intermediate
reflector layer for different front texture/electrode types expressed in terms of photo current
density and with respect to the respective cell without an IRL. The particular data is derived
from calculation of the corresponding current densities according to eq. (2.49). It is based
on the average value of three co-deposited cells per sample type and IRL thickness variation.
For calculating the reflective and absorptive loss the reflectance and 1−R−EQEsummed was
used, respectively, instead of an EQE and the integration was carried out between 300 and
1100 nm, which allows to express these losses as an respective implied photo current density
(Jrefl. and Jabsorp.) within this wavelength interval. Note that the graph only depicts the
changes in the respective quantities, i.e Ji(dIRL) − Ji(dIRL = 0). The explicit values of the
respective changes are added to the bars.

top cell gain is twice as high for sample type C compared to A. Consequently the reflective

loss is higher for the latter. In terms of bottom cell loss the effect of the IRL is higher by a

factor of about 1.5 for cells of type A and C compared to B.

However, since the intention of the IRL is not to reduce the bottom cell current density

rather than to promote that of the top cell the major result is that our standard IRL is

less effective in combination with the micro-textured glass samples compared to the textured

ZnO:Al. In fact a similar loss of about 1.5 mA/cm2 in bottom cell current density was

converted in a gain of 0.4 and 0.8 mA/cm2 in top cell current density for cell type A and

C, respectively. For the samples comprising no intended front texture (B) the additional

reflection introduced by the IRL also leads to a reduction of the bottom cell current density,

but can virtually not be utilized for a gain in top cell current density. Rather the light is

simply reflected out of the cell.

In total the IRL experiment confirmed the importance of the particular front texture for

the efficiency of the IRL. If the front texture is not appropriate the IRL reflects light with long

wavelength which inherently can not be utilized by an a-Si:H-based top cell due to its high
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band gap. This can therefore be interpreted as insufficient light coupling to the bottom cell -

introduced by the IRL. Moreover the light reflected at the intended wavelength region (around

500 to 700 nm) is not efficiently trapped within the top cell and hence also contributes to

reflective losses. Like for the worse light coupling generally found for sample type A (and B)

also these IRL-induced losses could be rather due to the particular front texture or the fact

that it is introduced via the glass/ZnO:Al interface (cf. fig. 6.14) or both.

Concluding our observation concerning the light management in the different samples,

sample B comprises bad light coupling and virtually no light trapping ability, which is both

not surprising, since it contains no intended texture. Sample A also shows weak light cou-

pling, but very good light trapping, at least in the long wavelength range, where the bottom

cell is absorbing. Sample C on the other hand shows excellent light coupling abilities and

reasonable light trapping throughout the whole wavelength range observed. Obviously the

micro-textured glass setup in sample A is not appropriate to achieve good light coupling,

especially in the short to mid wavelength range. The beneficial effect of an IRL used to

swap light and hence generated photo current density from the bottom cell to the top cell is

significantly lower for sample type A and particular B.

After having observed the optical cell performance for the different sample types we will

now come to the J-V data of these cells. Figure 6.17 shows JSC, VOC, FF and η for sample

type A, B and C and for different IRL thickness before and after 167 h (i.e. one week) of light

soaking. Each variation is represented by a data set of 20 single 1 cm2-cells.

The JSC data generally corresponds to the findings already made from the EQE analysis.

Except for the cells of type B with the 60 nm thick IRL, the short circuit current density, at

least in the initial state, is limited by the top cell. This is evidenced by a comparison to the

photo current densities derived from EQE measurements conducted at the large area setup,

which are presented in fig. 6.18. Hence, JSC follows the top cell current density and increases

with the IRL thickness in case of sample type A and C. On sample B the 60 nm IRL leads

to bottom cell limitation which is why JSC is reduced in this case. This is accompanied by

a widening of the box which indicates higher (statistical) scattering in the current density

provided by the bottom cell as compared to that of the top cell. This is not surprising, since

the process regime needed for growing micro-crystalline silicon is generally more sensitive to

deviations than that used for a-Si:H growth. Anyhow, the scattering still constitutes no issue.

Due to the bottom cell limitation this particular cell also shows virtually no light induced

degradation of JSC, since only the a-Si:H based top cell shows a (noticeable) LID.

Regarding the initial VOC the highest values were achieved for sample type B. No clear

trend with the IRL variation could be observed in that case. The samples of type A on the

other hand exhibit the lowest values in VOC which increase with IRL incorporation/thickness,

particular when going from 20 to 60 nm. The samples of type C show intermediate VOC values.
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Figure 6.17: J-V data of a-Si:H/µc-Si:H tandem cells with different front texture/electrode
types and varying IRL thickness before (dark color) and after (pale color) 1 week of light
soaking. The sample types are the same as used throughout this section. Each data set
consists of the data of 20 single 1 cm2-cells originating from one substrate. The data is
presented in a box plot. The inner vertical line of the box represents the median value.
The lower and upper edge indicates the 25th and 75th percentile, i.e. half of all data lies
inside the box, and a quarter below and above. The lower/upper whisker shows the value of
the outermost data point which is at maximum 1.5 times the box height below/above the
lower/upper edge of the box, respectively. This presentation allows to easily get a visual
impression of the statistical distribution of the data.
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Figure 6.18: Photo current densities of a-Si:H/µc-Si:H tandem cells with different front
texture/electrode types and varying IRL thickness as derived from J-V and EQE measure-
ments. The particular cells incorporate a 250 nm thick, cap-annealed (500 ◦C/6 h) ZnO:Al
layer on micro-textured glass (type A) and planar glass (type B) as well as our standard
front-electrode consisting of a non-annealed, texture-etched ZnO:Al on planar glass (type
C). The latter had a film thickness of 705 and ≈ 420 nm before and after texturing, respec-
tively. The EQE derived current densities are based on measurements conducted at the
large area setup. The lines are guides to the eye.
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Thereby, VOC increases as soon as an IRL is implemented, but shows no further dependence

on its particular thickness.

The generally different level of open circuit voltage obtained for the different sample

types is mainly ascribed to the material quality of the grown silicon stacks (cf. sec. 2.2.3).

On a flat substrate (sample B) the growth is virtually not affected, resulting in the best

material quality and hence the highest values in VOC. Consequently, the surface of the

ZnO:Al coated micro-textured glass (sample A) seems to be less appropriate for high quality

silicon growth compared to our standard textured ZnO:Al (sample C). Despite having rather

similar distribution of the local surface inclination (compare fig. 6.6 (b) and fig. 6.9 (b)) the

larger feature size and RMS-roughness observed for sample A very likely leads to severer

disturbance, since it can not be so easily smeared out by the Si growth itself.

The tendency to higher values of VOC with incorporation or increased thickness of the

IRL found in sample C and A, respectively, can be explained by the so called shunt quenching

effect [199] originating particular from the low in-plane conductivity of the IRL. This inhibits

the undesired current drain introduced at local shunt paths, i.e. it more effectively isolates

bad regions from good ones. So, if there are bad regions, like we assumed for sample C and

particular A, the implementation of the IRL reduces the losses occurring due to those and

VOC hence increases. Unfortunately, VOC also tends to show stronger LID when an IRL is

used. This leads to even lower open circuit voltages, at least in the case of sample C, when

an IRL is used. The reasons for that are not known, but Kirner already pointed out, that the

LID of the cell efficiency correlates with the inverse slope of the J-V curve around the open

circuit point [107]. This quantity has the dimension of a resistance (per area), is referred

to as ROC and can be interpreted as an indicator for the series resistance within the device.

Indeed, a gradual increase in ROC can be observed for all cell types with increasing IRL

thickness (not shown).

The interpretation of the FF of a tandem cell is not straight forward, as it is always biased

by the current matching situation between top and bottom cell. Thereby the FF is commonly

lowest when the cell is matched and increases gradually with current mismatching. The latter

is usually more pronounced for bottom cell limitation. A nice demonstration and explanation

of this effect can for instance be found in ref. [200]. Recalling the particular current matching

situation as presented in fig. 6.18 one can conclude, that the FF for sample B is generally

on a high level and the variation follows the matching situation. The latter can also be

stated for sample A and B. But, the level of the FF is slightly lower for sample C compared

to sample B and lowest for sample A, despite being strongly top cell limited irrespective of

the IRL thickness. Therefore, beside this matching related trends the comparison of FF

between different sample types corresponds to the trend already observed in VOC. This is

less surprising, since the FF is also a very sensitive indicator for the electrical device quality.
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Moreover, the differences in sheet resistance of the ZnO:Al layers used as front electrode are

influencing the FF . The highest sheet resistance was observed for sample A (RS ≈ 18.3 Ω).

The values for sample B and C where about 15.8 and 11 Ω, respectively. From our experience

this could easily account for a reduction in FF of about 2 %. The LID of the FF is slightly

higher/lower for sample type B/C compared to A, respectively, but this is not of importance

for the general trends observed.

It shall be noted, that another explanation for the worse FF and VOC found for sample

A compared to C could be a significantly larger surface area per device area. This would

increase the relative contribution of interface recombination and hence reduce the device

quality. From the AFM data presented in fig. 6.6 (g) and fig. 6.7 (b) (representative for type

C) the surface area factor, i.e. the ratio of surface area to scan area, was determined for

sample A and B to be 1.126 and 1.137, respectively. Obviously, the values are very close to

each other, which is why we exclude this effect as a reasonable cause for the differences found.

All the differences found in the J-V data finally yield an efficiency of 11/9.8 % (initial/light

soaked) for sample type A, and 12.2/11.1 % for sample type C. Thus, the reasonable high

efficiency achieved on our standard texture-etched ZnO:Al electrode on planar glass (type

C) could not be reached by the cells incorporating the thin cap-annealed ZnO:Al grown on

the micro-textured glass. The reasons for that have been clearly identified: Roughly half

of the difference is due to the lower JSC and hence related to the light management issues

discussed. The remainder of the difference is due to the lower FF and VOC found for sample

type A. Thereby, the loss in FF is very likely related to the higher sheet resistance of the

ZnO:Al layer used there. It shall be noted again, that this can probably be circumvented

by applying slightly thicker ZnO:Al layers. The shortfall in VOC is interpreted as a direct

consequence of the differences in the particular texture of the substrates, leading to variations

in the device quality of the Si. Note, that in spite of the shortfalls in light coupling the cells

on micro-textured glass had the highest bottom cell current densities among all sample types,

irrespective of the IRL variation. This points at the good light trapping properties provided

by this texture in the long wavelength region, where it is needed the most.

6.6 Application of a textured Front Cover

In this section the effect of a regularly textured transparent polymeric sheet applied to the

front side of the glass is presented. The particular textured sheets are of the commercial type

MaxRay Crystal and were provided by SolarExcel (now with DSM), the manufacturer of the

product. There is a recent publication on the application of this particular front texture to

a-Si:H/µc-Si:H based solar cells [197] (see also ref. [200]). However, we think that we can

provide valuable additional results and considerations to this work.

In contrast to all light management textures discussed so far, this particular product
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Figure 6.19: (a) Photograph of a model of a surface element of the textured front cover
situated on a Si-wafer and illuminated by a purple laser beam. (b) a simplified schematic
drawing of the situation presented in (a). See text for further description. Figure taken
from ref. [200].

comprises a regular texture and exhibits a lateral feature size on the millimeter scale. The

latter in particular allows the application of geometric optics. The polymeric itself has a

refractive index rather similar to that of glass and exhibits a comparably low absorption

throughout the whole wavelength range relevant for our cells, i.e. 350 . . . 1100 nm. To ensure

proper optical coupling, the sheet was adhesively attached to the (non-coated) front side of

individual 100× 100 mm2-sized samples by means of a drop of de-ionized water.

According to Ulbrich et al. [197] the texture provides two beneficial effects: (i) it reduces

the reflection at the air/polymeric (former air/glass) interface by allowing the reflected part

of the light to hit the surface a second time. It follows from Fresnel’s equations that this

reflection accounts for about 4 %. Hence this is the upper limit of reduction in reflective

losses that can be achieved by this mechanism. (ii) The texture has a retro-reflecting effect

that actually introduces an additional light trapping at the polymeric/air interface. This is

illustrated in fig. 6.19. Sub-figure (a) depicts a photograph of a model of a single surface

element of the texture. It is placed on a Si-wafer. A purple laser beam impinging on the

surface demonstrates the general working principle of the texture: The incident beam is

refracted at the air/polymeric interface and reflected at the polymeric/Si interface. When it

reaches the polymeric/air interface again, it is subjected to total reflection and hence can not

escape the texture at this point. Therefore, these textures are also referred as retro-reflector.

For clarity fig. 6.19 (b) provides a schematic drawing of this situation.

In a real solar cell, comprising internal textures (like a textured TCO surface) this effect

is generally restricted to only a non-unity portion of the back reflected light. However, as we

have demonstrated in the course of the last section it is exactly this retro-reflective effect that

could significantly mitigate the light management issues observed for a-Si:H/µc-Si:H tandem

cells incorporating thin cap-annealed, non-textured ZnO:Al grown on these particular micro-

textured (and planar) glass substrates.
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Before we present our results, we again would like to emphasize that a comprehensive

investigation for the interaction of this particular front texture with Si-based thin-film cells

is already provided by Ulbrich et al. [197, 197]. But, first there was no application to cells

grown on micro-textured glass comprising thin, non-textured TCO layers; and second we

would like to contribute an interesting finding related to the analysis of diffuse and specular

cell reflectance in that context.

In the following the textured front cover was applied to the cells presented in the IRL

thickness variation in sec. 6.5.3. As the incorporation of the front cover significantly promotes

lateral propagation of light within the glass substrate, we had to rely on the large area setup

to obtain reliable EQE measurements. Figure 6.20 exemplarily shows the EQE and 1 − R
for the cell on micro textured glass (sample type A), comprising the thin, cap-annealed, non-

texture ZnO:Al and a 60 nm thick IRL. For comparison the curve for 1−Rdiffuse (cf. fig. 6.12)

for the measurement without textured front cover was added. The front cover significantly

reduces the reflective losses. Thereby, the diffuse reflectance obtained for the uncovered

sample reasonably resembles the total reflectance obtained with the cover. This evidences,

that the textured cover suppresses virtually the whole specular reflectance. Recall, that the

specular reflectance found for this sample type (A) below λ = 1100 nm was exclusively due

to the primary reflection at the air/glass interface. This, on the other hand, means that

beside this primary anti-reflective effect there is no noticeable gain by the retro-reflective

effect with these samples. This is also evidenced by the coincidence of the corresponding

IQE curves, which are shown in fig. 6.21. The gradually lower IQE for λ < 560 nm found for

the covered cell compared to the uncovered one is interpreted as a higher fraction of parasitic

absorption in the top cell p-layer. This and the slight shift of the position of the IRL related

oscillation observable in 1− R indicates that a redirection of the incident light compared to

the uncovered cell indeed takes place, but obviously does not increase the cell absorptance.

To date we found no reasonable explanation for this behavior.

The improvement in current density upon application of the front cover accounts

0.4 mA/cm2 (≈ 3.2 %) for both the top and the bottom cell. This is in good accordance

to the reduction of the primary (specular) reflection (≈ 4.5 %) obtained by applying the tex-

tured front cover. Note that part of the gain in total cell absorptance also contributes to an

increase in parasitic absorption (i.e. the IQE was virtually not affected).

Figure 6.22 summarizes the EQE derived photo current densities for all cell types (A-C)

and IRL configurations (0, 20 and 60 nm). For sample type A the gain in photo current

density by applying the front texture seems to be limited to the reduction of the primary

reflection at the air/glass interface, irrespective of the IRL thickness. In the case of sample

type C the gain in top cell current is generally slightly higher as compared to sample type A.

For 60 nm IRL thickness the improvement in bottom cell current density upon application of
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Figure 6.20: EQE (obtained at the large area setup) and 1 − R of the a-Si:H/µc-Si:H
tandem cell (60 nm IRL thickness) already presented as sample A in fig. 6.11 without (black
solid lines, full symbols) and with (red dashed lines, open symbols) textured front cover
attached to the glass. For the measurement without textured front cover the data for
1 − Rdiffuse is also shown (black dotted line). The EQE derived photo current densities
for the top and the bottom cell are added to the plot. The font color corresponds to the
particular line/symbol color.
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Figure 6.21: Internal quantum efficiency of the a-Si:H/µc-Si:H tandem cell already pre-
sented in fig. 6.20 without (black solid lines, full symbols) and with (red dashed lines, open
symbols) textured front cover attached to the glass.
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Figure 6.22: Photo current densities of a-Si:H/µc-Si:H tandem cells with different front
texture/electrode types and varying IRL thickness as derived from J-V and EQE measure-
ments. The particular cells incorporate a 250 nm thick, cap-annealed (500 ◦C/6 h) ZnO:Al
layer on micro-textured glass (type A) and planar glass (type B) as well as our standard
front-electrode consisting of a non-annealed, texture-etched ZnO:Al on planar glass (type
C). The latter had a film thickness of 705 and ≈ 420 nm before and after texturing, respec-
tively. The data obtained without front texture (pale colors, open symbols) was already
presented in fig. 6.18. The black oval marks the sample presented in fig. 6.20. The current
densities are based on EQE measurements conducted at the large area setup. The lines are
guides to the eye.

the front texture is similar to that observed for sample A and slightly increases for thinner

IRLs.

Compared to sample A and C, sample B shows a remarkable gain in photo current den-

sity when the front texture is applied. This clearly demonstrates the added value of the

retro-reflective light trapping effect provided by the front texture. In fact this was already

demonstrated by Ulbrich et al., but we would like to emphasize the remarkable level in photo

current density reached with this texture: For a cell without any IRL a summed photo current

density of 25 mA/cm2 was achieved in an a-Si:H/µc-Si:H tandem cell without any intended

internal light scattering.

Moreover, recall the superior electric performance observed for this cell type, despite

having a front electrode consisting of only 250 nm thin (cap-annealed) ZnO:Al. Finally we

obtained a median (over 20 cells) cell efficiency of 12.2/10.9 % (initial/after 168 h of light

soaking) for these cells. For comparison the respective values for sample A and C were

11.3/10.1 % and 12.4/11.3 %, respectively.

To summarize the experiments with the millimeter-sized regular front texture, we gen-

erally observed an efficient suppression of the primary reflection at the air/glass interface
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due to the geometrical anti-reflective effect of the texture. Comparing the results for cells

on planar (B) and textured ZnO:Al (C) electrodes on planar glass we saw that the retro-

reflective light trapping effect provided by the front texture strongly depends on the presence

of an additional internal light scattering texture: If there is no internal texture (sample B)

the front texture clearly provides light trapping, but if a reasonable light trapping is already

provided by internal textures no additional improvement could be obtained by the texture.

These finding nicely confirm the results of Ulbrich et al. [197,200].

Moreover the separate measurement of diffuse and specular cell reflectance without front

texture allowed us to directly evidence the different working principle of the AR- and the

retro-reflecting-effect.

For the cells on the micro-textured glass substrates we could not observe any other benefit

than the AR-effect. This is a bit surprising, since these samples, like those on planar glass

and contrary to those on textured ZnO:Al, showed an insufficient light coupling. However,

for these samples this shortfall could not be mitigated by the front texture. The reasons for

that remain open questions.

For the flat cells (type B) the improvement due to the front texture yielded remarkable

absolute values for the summed photo current density (25 mA/cm2) and thanks to the flat

interfaces also a reasonably high (median) efficiency of 12.2/10.9 % (initial/after 168 h of light

soaking). This (i) demonstrated the impressing light management capability of the particular

front texture, (ii) showed that it is possible to achieve high cell efficiencies with ZnO:Al front

electrodes as thin as 250 nm and (iii) nicely indicated the potential that lies in the attempt

to introduce light management while circumventing layer growth on rough substrates (see

e.g. [201]).
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7 Achievements in Si-based Thin-film Cells and Modules

This section is dedicated to a brief overview on the achievements of Si-based thin-film cells

and modules at PVcomB. Thereby, we will focus on the contribution of utilizing annealed

ZnO:Al layers as front contact.

7.1 High Efficiency Tandem Cells and Modules

This section presents the results of the a-Si:H/µc-Si:H tandem devices, with the highest

stabilized efficiency among all particular tandem devices made at PVcomB so far. Most of

the results were already published in ref. [136].

The device types are as follows: (i) a single cell with an area of 1× 1 cm2, like those used

throughout this thesis up to here, (ii) a mini module with 10 × 10 cm2 total size comprising

12 monolithically interconnected single cells arranged on an aperture area of 63.4 cm2. The

cell width was optimized for a minimal total loss with respect to ohmic losses in the front

electrode and optical losses in the interconnect region, which is not contributing to cell per-

formance (“dead area”). This resulted in a cell width of 6.6 mm including the ≈ 130µm wide

interconnect region (see ref. [120] for further information). (iii) The last device type, named

full size module, had a total size of 30 × 30 cm2. It is actually just an up-scaled version of

the mini module design, i.e. the number of single cells was increased from 12 to 41 and there

length was adapted to fit the larger substrate size, resulting in an aperture area of 757.7 cm2.

The width of the cells and the interconnect was left unchanged.

Besides the different layout, all three devices were processed in the same manner. Com-

pared to our standard device, these devices had a thicker bottom cell i-layer (2.8µm instead

of 2.2µm) and were processed on 2-step annealed ZnO:Al. Figure 7.1 shows (a) the EQE

and (b) J-V curves of the single cell after 995 h of light soaking with textured front cover

(cf. sec. 6.6) attached to the front glass. The J-V data for the same cell prior to light

soaking is also shown in (b). The EQE measurement was conducted at the large area setup

(cf. sec. 5.4). The according J-V parameters are listed in tab. 7.1 together with those of

the mini module and the full size module. The efficiency of this particular cell after light

soaking was also confirmed by an accredited laboratory (ISE CalLab, Germany). The J-V

measurement of the full-size module was done in a different solar simulator (customized by

h.a.l.m. elektronik Germany), which is suited for larger device dimensions.

Compared to some of the highest confirmed efficiency values reported so far for a-Si:H/µc-

Si:H cells and modules (see e.g. ref. [202]) the values achieved with our devices are remarkable.
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Figure 7.1: (a) External quantum efficiency and (b) J-V curve of the a-Si:H/µc-Si:H
tandem cell with the highest stabilized efficiency among all cells made at PVcomB so far.
The cell was subjected to light soaking for 995 h. The J-V curve of the same cell prior
to light soaking is also added to (b) (grey line, circles). Compared to our standard device
this cell had a thicker bottom cell i-layer (2.8µm instead of 2.2µm). It comprises a 2-step
annealed ZnO:Al layer as front contact. The EQE derived photo current densities for the
top and the bottom cell are added to the plot. The EQE measurement was conducted at
the large area setup (cf. sec. 5.4) after light soaking.

Table 7.1: J-V parameters of the particular a-Si:H/µc-Si:H tandem devices with the
highest stabilized efficiency among all devices made at PVcomB so far. The data for the
particular device types single cell, mini module and full-size module is listed before and after
light soaking for several weeks.

device LID JSC VOC FF η

type h mA/cm−2 mV % %

single cell 0 12.7 1432 73.2 13.3

(1 cm2 active area) 995 12.6 1411 67.8 12.1

mini module, 12 cells 0 12.3 1425 72.8 12.8

(63.4 cm2 aperture area) 939 12.1 1414 68.0 11.6

full-size module, 41 cells 0 11.8 1443 71.3 12.2

(757.7 cm2 aperture area) 454 11.6 1412 64.5 10.6

7.2 Mini Modules on very thin, cap-annealed ZnO:Al layers

In sec. 6.5 we have presented the utilization of micro-textured glass substrates in combination

with thin, cap-annealed ZnO:Al layer as an alternative front contact system. It turned out

that this particular combination had a shortfall in terms of light coupling resulting in only
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moderate cell performance. However, in the framework of his Master thesis [120] Welker

used these substrates in a study based on mini modules. The question was, how far the

transparency-sheet resistance trade-off can be pushed towards high transparency and sheet

resistance, i.e. thin ZnO:Al layers, when an adaption of the cell width to the particular

situation is used to mitigate the resistive loss.

The series is based on a thickness variation of cap-annealed ZnO:Al layers. The cell

width (w) of a-Si:H/µc-Si:H tandem mini modules was adapted to the particular sheet resis-

tance of the incorporated ZnO:Al layer. The width of the interconnect was kept constant at

180µm. Note that this experiment is based on an older version of our device. It comprises a

270 nm/1750 nm top and bottom cell i-layer thickness, a different top cell p-layer stack, which

showed a higher parasitic absorptance and a thinner IRL (45 nm) processed with slightly dif-

ferent gas flow ratios. This is just mentioned in order to explain the generally lower efficiency

level found for this series.

Table 7.2 lists the main results of this experiment. The reduced ZnO:Al layer thickness

did not lead to a reduction in efficiency. This is first of all due to the cap-annealing, but

also due to a mitigation of the resistive losses by decreasing the cell width. An efficiency

above 10 % was achieved with a ZnO:Al layer of only ≈ 100 nm thickness for an adapted

monolithically interconnected module design. For further details refer to the Master thesis

of Welker [120].

Table 7.2: ZnO:Al layer properties, cell width and J-V parameters of single cells for a-
Si:H/µc-Si:H tandem mini modules on micro-textured glass. The ZnO:Al layer thickness
was determined by a step profiler. The J-V data relates to representative individual cells
of a mini module. All J-V data is given with respect to the aperture cell area, i.e. includes
the area loss due to the interconnect.

ZnO:Al d RS w JSC VOC FF η

treatment nm Ω mm mA/cm−2 mV % %

cap-annealed 103 39.3 4.3 10.3 1386 72.6 10.4

cap-annealed 240 14.0 6.0 10.4 1381 73.8 10.6

initial (reference) 476 11.6 6.4 10.3 1370 73.5 10.4
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8 Conclusions and Outlook

The aim of this thesis was to utilize the annealing-induced improvements in the opto-electronic

properties of ZnO:Al layers in a-Si:H/µc-Si:H based solar cells. From previous material

investigations a beneficial effect of ZnO:Al cap-annealing on cell performance was anticipated,

but could not been demonstrated yet.

We successfully transferred the annealing procedure to our equipment and scaled it from

small sample sizes to our standard substrate size of 300×300 mm2. This included the PECVD

processes used for capping and decapping the samples, as well as the annealing of the ZnO:Al

layers itself (sec. 3.1.5). At this time, the experiments were based on ZnO:Al layers provided

by an industry partner. Later on, we extended the application to our in-house deposited

ZnO:Al layers. This was an important step, since it allowed us to use the ZnO:Al layer

thickness as an additional parameter for optimization.

In sec. 4.2 we conducted a systematic study on the influence of post deposition annealing

on the opto-electronic properties of ZnO:Al layers. The study was based on variation of the

ZnO:Al layer thickness (about 340 to 700 nm), as well as the temperatures and durations for

both annealing steps, namely thermal degradation and subsequent cap-annealing. The use of

Corning glass, in this case, allowed us to apply annealing temperatures up to 650 ◦C.

The key findings of this study concerning the electronic properties were as follows:

• The cap-annealing, with or without preceding thermal degradation, generally resulted

in an increased charge carrier mobility of up to 65 cm2

Vs (33 cm2

Vs initial).

• Variations in the particular annealing temperatures and durations allowed a tuning of

charge carrier density over a wide range (1 to 5.7 · 1020 cm−3).

• The lowest achieved resistivity was 2.1 · 10−4 Ωcm (5.0 · 10−4 Ωcm initial), which is

a remarkable value for a TCO, in particular for a DC-magnetron sputtered ZnO:Al

grown on glass substrate. For this particular layer, this was accompanied by a reduced

absorption throughout the whole observed wavelength range from 250 to 2500 nm.

• A reduction of the ZnO:Al layer thickness showed no significant influence in terms of

the relative changes in mobility and charge carrier density upon annealing.

• An interesting exception to this was a higher stability against thermal degradation

observed for thicker ZnO:Al films.

All these changes were realized in a post-deposition treatment and are not related to

fundamental changes in the extended crystal structure. Therefore, ZnO:Al annealing also

provides an experimental tool for investigation of the electronic transport in such layers.
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Section 4.2.4 was dedicated to annealing-related changes in the optical properties of the

ZnO:Al layers. Beside the well understood shift of the fundamental absorption edge (charge

carrier density) and the variation in the free carrier absorption (charge carrier density and

mobility), we also identified the reduction of a sub-band gap absorption, which was initially

present in all films. The root cause for this sub-band gap absorption and its suppression upon

annealing is yet not fully understood, but subjected to current investigations in our institute.

For samples that were exclusively cap-annealed we observed an additional absorption in

the visible spectral range. This seems to relate to the high charge carrier density found for

these samples. But, to date we found no explanation that could support this hypothesis.

Compared to a 700 nm thick ZnO:Al layer in the initial state, the application of the

annealing procedure allowed, for instance,

• to decrease the sheet resistance from 7.2 to 3.1 Ω, while the thickness was kept constant

and the absorptive losses still slightly decreased,

• to halve the layer thickness while the sheet resistance was maintained and the absorptive

losses reasonably decreased,

• to strongly decrease the absorptive losses while the film thickness and the sheet resis-

tance were kept constant.

A large variety in applied treatments and film thickness was also discussed in the context

of a figure of merit and an implied photo current density loss. This allowed a more convenient

interpretation of the data, in particular with respect to application of such layers in solar cells.

In sec. 4.3 the relation between annealing and wet-chemical surface texturing of the

ZnO:Al layers was examined. When any annealing was carried out prior to the texture

etching, the particular texture obtained was changed. From statistical surface analysis we

could identify these changes as unfavorable both in terms of light scattering (flat regions) as

well as high quality silicon growth (steep features). The latter was evidenced by a deteriora-

tion observed in VOC and FF for cells grown on such substrates. Therefore, we decided to

do the annealing generally after texture formation (if applied).

Another important question was addressed in sec. 6.1. From literature it was known,

that the ZnO:Al/p-layer contact is a critical interface in a-Si:H based cells. It turned out

that cells grown on 2-step annealed ZnO:Al layers directly after the capping was removed

experienced a severe reduction in VOC and FF . Additional experiments could exclude the

capping/decapping procedure itself as a possible reason for this observation. This leads us to

the assumption, that the effects Wimmer et al. observed [174,175] at the burried ZnO:Al/Si

interface upon annealing remain to some extent even after the cap has been removed. Hence

it has to be attributed to the annealing. When the ZnO:Al layers where shortly dipped in
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diluted HCl the deterioration vanished and VOC showed even an improvement compared to

cells grown on non-annealed ZnO:Al layers. This is a hint to both a modification of the

ZnO:Al surface and the bulk upon annealing. Based on this observation we included a HCl

dip prior to cell deposition in our process.

The experiment presented in sec. 6.2, for the first time revealed the potential of this

technique when applied in solar cells. A 2-step annealing was used to double the mobility

and at the same time decrease the charge carrier density of a conventional ZnO:Al layer. This

resulted in an improved cell efficiency of 12.1 % (11.4 % without annealing).

Section 6.3 addressed the question, to which extend the improved opto-electronic proper-

ties of ZnO-Al layers upon annealing can be used to allow a reduction of their thickness while,

at least, maintaining cell efficiency on the reference level. We showed, that the ZnO:Al-layer

thickness could be reduced from 820 nm to 550 nm without any loss in efficiency, by applying

a cap-annealing to the thinner ZnO:Al film.

When we further reduced the ZnO:Al layer thickness, we experienced a limitation in the

texture formation process. We were no longer able to obtain an appropriate light scattering

texture by wet-chemical etching of the ZnO-Al layers. The opto-electronic properties of such

thin ZnO:Al layers, on the other hand, were still suited for cell application.

To overcome this issue, we focused on the introduction of light scattering by utilizing

micro-textured glass. In sec. 6.5.1 the surface topography of the particular micro-textured

glass was evaluated and compared to that of a textured ZnO:Al, known to show good light

scattering abilities. We observed similar RMS-roughness and lateral feature size, but different

feature shape. The micro-textured glass exhibits bowl-like craters, whereas the reference

ZnO:Al showed a V-shaped crater profile.

The ZnO:Al growth on top of the micro-textured glass yielded good film quality as ex-

amined by microscopical investigation and electronic transport measurements. Only a slight

reduction in mobility could be observed. The light scattering properties of these textures, as

observed by haze measurements, also turned out to be good.

Upon cap-annealing, the ≈ 250 nm thick ZnO:Al layers grown on micro textured glass

still showed a significant improvement in conductivity, but in contrast to the films deposited

on planar glass, the charge carrier mobility for the first time decreased. Obviously, the micro

textured glass influenced the structural and electronic properties of the ZnO:Al layers. This

point deserves further investigation.

In sec. 6.5.3 we implemented micro-textured glass coated with thin, cap-annealed ZnO:Al

layers as front contact in a-Si:H/µc-Si:H cells and found high reflective losses comparable to

those observed for cells on planar front electrodes. Observation of the diffuse and specular cell

reflectance and comparison to different front electrode structures indicated that these losses

to a certain extent are related to the rather conformal character of the thin ZnO:Al layer
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in combination with the bowl-shaped surface topography, leading to noticeable interferential

effects. An analog effect occurs in the top cell, this time with the reflection from the IRL.

This was evidenced from variations in the IRL thickness, that led to changes in the intensity

of some of those interferential effects. In consequence mainly the top cell current density is

lacking from this effects, whereas the front texture seems to be able to introduce a good light

trapping within the bottom cell.

Concerning the J-V data of these cells on micro-textured glass, the device quality of the

Si-growth seems to suffer from the textured substrate, as indicated by lower values of VOC

compared to cells grown on standard texture-etched ZnO:Al layers.

In sec. 6.6 we investigate the application of a millimeter-sized, regular texture to the

air/glass interface. This textures are known to exhibit a retro-reflecting effect that can be

used to mitigate reflective losses from internal interfaces in a-Si:H/µc-Si:H cells. Beside the

direct anti-reflective effect of this texture, we could not observe any benefit from applying

it to cells on micro-textured glass. The reason for that is not clear and deserves further

investigation.

For a-Si:H/µc-Si:H cells on planar front electrodes, on the other hand, there was a huge

improvement in current density upon applying the front texture. With that, we were able

to achieve an efficiency of 12.2/10.9 % (before/after 168 h of light soaking) on a planar front

electrode comprising a 250 nm thick, cap-annealed ZnO:Al layer.

In sec. 7 we showed two exemplary routes for the successful application of annealed ZnO:Al

films as electrodes in a-Si:H/µc-Si:H tandem cells. One route is dedicated to high efficiency

devices and utilizes a 2-step annealing to reduce the parasitic absorption in the ZnO:Al layer.

The other route is based on maximizing the conductivity to allow for very thin ZnO:Al films.
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