
A Thesis Submitted for the Degree of PhD at the University of Warwick

Permanent WRAP URL: 
http://wrap.warwick.ac.uk/182601 

Copyright and reuse:
This thesis is made available online and is protected by original copyright.
Please scroll down to view the document itself.
Please refer to the repository record for this item for information to help you to cite it. 
Our policy information is available from the repository home page.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk

warwick.ac.uk/lib-publications





Table of Contents 

Table of Contents ......................................................................................................... I 

List of Tables ............................................................................................................. IV 

List of Figures ............................................................................................................. V 

Declaration ................................................................................................................. X 

Abstract ..................................................................................................................... XI 

Abbreviations ............................................................................................................ XII 

List of Publications .................................................................................................. XIV 

Chapter 1 Introduction ........................................................................................... 1 

1.1 Motivation .......................................................................................... 1 

1.2 Thesis Outline ..................................................................................... 3 

Chapter 2 Silicon Photovoltaic Surface Passivation Technologies .......................... 5 

2.1 Recombination and Carrier Lifetime in Silicon .......................................... 5 

2.1.1 Bulk Recombination ....................................................................... 6 

2.1.2 Surface Recombination ................................................................... 9 

2.1.3 Intrinsic Lifetime Limit .................................................................. 10 

2.2 Measurement of Carrier Lifetime .......................................................... 11 

2.3 Surface Recombination Velocity ........................................................... 13 

2.4 Surface Passivation - Chemical vs. Field effect ...................................... 14 

2.5 Permanent Dielectric Based Surface Passivation .................................... 15 

2.5.1 Thermal Silicon Oxide (SiOx) ......................................................... 15 

2.5.2 Plasma Enhanced Chemical Vapour Deposition of Silicon Nitride (PECVD 

SiNx) .................................................................................................. 16 

2.5.3 Atomic Layer Deposition of Aluminium Oxide (ALD AlOx) ................... 17 

2.6 Temporary Surface Passivation ............................................................ 19 

2.6.1 Liquid Immersion Passivation ........................................................ 19 

2.6.2 Thin Film Passivation .................................................................... 24 

2.7 Organic Superacid-Derived Passivation ................................................. 27 

2.7.1 Stability ...................................................................................... 31 

2.7.2 Superacid Passivation Mechanism .................................................. 33 

2.8 Summary ......................................................................................... 35 

Chapter 3 Experimental Methods ......................................................................... 36 

3.1 Sample Wafers .................................................................................. 36 

3.2 Sample and Chemical Preparation ........................................................ 36 



3.2.1 Gloveboxes ................................................................................. 36 

3.2.2 Sample Cleaning .......................................................................... 39 

3.2.3 Avoiding Contamination of Glassware and Tools .............................. 41 

3.2.4 Passivating Solution Preparation .................................................... 42 

3.2.5 Solution Based Passivation ............................................................ 43 

3.3 Characterisation Methods ................................................................... 44 

3.3.1 Photoconductance Decay Lifetime .................................................. 44 

3.3.2 Photoluminescence Imaging .......................................................... 47 

3.3.3 Raman Microscopy ....................................................................... 49 

3.3.4 Nuclear Magnetic Resonance (NMR) Spectroscopy ............................ 50 

3.3.5 X-ray Photoelectron Spectrometry ................................................. 51 

3.3.6 Kelvin Probe ................................................................................ 53 

3.3.7 Atomic Force Microscopy (AFM) ..................................................... 55 

3.4 Summary ......................................................................................... 55 

Chapter 4 Solvent Dependence of Superacid-derived Passivation ........................ 56 

4.1 Motivation ........................................................................................ 56 

4.1.1 Principle of Superacid-derived Passivation ....................................... 57 

4.2 Results & Discussion .......................................................................... 58 

4.2.1 Passivation Dependence on Solvent for TFSI ................................... 58 

4.2.2 Degradation of Passivation ............................................................ 61 

4.2.3 Effects of Storage Conditions ......................................................... 63 

4.2.4 Solution Degradation .................................................................... 65 

4.2.5 Extraction of Bulk Lifetime and Effective Surface Recombination Velocity

 ......................................................................................................... 70 

4.2.6 Reproducibility of Passivation Treatment ......................................... 74 

4.3 Superacid Treatment Applications ........................................................ 80 

4.4 Summary ......................................................................................... 81 

Chapter 5 Evolution of Bis(trifluoromethanesulfonyl)-Based Passivating Solutions 

and their Effect on Surface Passivation ..................................................................... 83 

5.1 Introduction ...................................................................................... 83 

5.2 Motivation ........................................................................................ 83 

5.3 New Passivating Solutions and Molecule Dependence ............................. 84 

5.4 Surface Chemistry and Passivating Species ........................................... 86 

5.4.1 Nuclear Magnetic Resonance (NMR) ............................................... 87 

5.4.2 Kelvin Probe – Surface Charge Measurement................................... 90 

5.4.3 X-ray Photoelectron Spectroscopy (XPS) ......................................... 97 

5.4.4 Raman Microscopy ...................................................................... 100 

5.5 Summary ........................................................................................ 104 



Chapter 6 Atomic Level Termination for Passivation and Functionalisation of 

Silicon Surfaces ...................................................................................................... 106 

6.1 Introduction ..................................................................................... 106 

6.2 Motivation ....................................................................................... 106 

6.3 Effective Lifetime Experiments and Modelling ....................................... 108 

6.4 Surface Characterisation.................................................................... 119 

6.4.2 Surface Termination for Dielectric-based Passivating Films ............... 124 

6.5 Summary ........................................................................................ 129 

Chapter 7 Conclusion ......................................................................................... 130 

7.1 Solvent Dependence of Superacid-derived Passivation ........................... 130 

7.2 Evolution of Bis(trifluoromethanesulfonyl)-Based Passivating Solutions and 

their Effect on Surface Passivation ........................................................... 131 

7.3 Atomic Level Termination for Passivation and Functionalisation of Silicon 

Surfaces ............................................................................................... 132 

7.4 Future Work ..................................................................................... 133 

References .............................................................................................................. 135 



List of Tables 
Table 2.1 – Summary of significant passivation materials and methods on n-type (100) orientation 

silicon wafers. Passivation levels can be considered good if < 10 cm s-1, can be considered state 

of the art if < 1 cm s-1. ..................................................................................................... 27 

Table 4.1 – List of solvents used during the study performed in this Chapter, with identifying labels. All 

the solvents purchased were in their anhydrous forms. The relative polarities provided are taken 

from Ref. [119]. ............................................................................................................... 57 

Table 5.1 – Peak assignments for Raman spectrum on and off the droplets. Where peaks were 

observed in both spectra the peak position is given first for the “on droplet” spectrum then for the 

“off droplet” spectrum. Small variations in peak position are due to the variations in height for the 

on and off droplet positions. Symbols used are as follows: for relative peak intensity (compared to 

the maximum intensity peak observed in the spectrum for that substance); vs, strong; s, strong; 

m, medium; w, weak; vw, very weak [151]. Bond vibrations: υ, stretching; δ, bending; ω, 

wagging; ρ rocking; t, torsion [147].  Dr Claire E. J. Dancer interpreted the Raman spectra, which 

were acquired by the author. ........................................................................................... 103 

Table 6.1 - XPS elemental composition data for chemically treated silicon surfaces ........................ 120 



List of Figures 
Figure 1.1 – Solar renewable power generation and capacity as a share of total global power generation 

for the years 2015 to 2021. Reproduced from reference [9]. ................................................... 2 

Figure 2.1 - A simplified energy band diagram showing the main carrier recombination processes in the 

bulk of a semiconductor material. ......................................................................................... 6 

Figure 2.2 - Typical curves of effective carrier lifetime as a function of injection level, due to the variety 

of bulk recombination mechanisms in silicon; the intrinsic Auger and radiative recombination, as 

well as Shockley-Read-Hall. The modelled data is based on n-type silicon, with a nominal 

resistivity of 5 Ωcm. ........................................................................................................... 9 

Figure 2.3 - Schematic showing the measurement setup used to perform the light enhanced HF 

passivation performed by Grant et al. The whole measurement setup should be placed inside a 

fume hood for adequate safety.  Figure reproduced from [71]. .............................................. 21 

Figure 2.4 – Silicon sample to be measured passivated using an iodine ethanol solution sealed inside a 

plastic bag to enable measurements to be made using PCD techniques. Figure reproduced from 

[67]. .............................................................................................................................. 23 

Figure 2.5 - Upper limits of surface recombination velocity (S) offered by the most prevalent temporary 

passivation schemes on both p-type and n-type silicon surfaces, plotted by doping level. The 

coloured regions indicate a rough range of the possible surface recombination values offered by 

that particular passivation scheme. Reproduced from reference [67]. ..................................... 26 

Figure 2.6 – Schematic showing the chemicals used for the superacid treatment of silicon, along with 

excess minority carrier density results measured on a 1 ohm-cm n-type silicon sample after 

undergoing the treatment procedure. Also included is a PL image showing how the solution can be 

used to treat specific areas of a sample. Figure reproduced from [101]. .................................. 29 

Figure 2.7 – Plot of injection-dependent lifetime of high quality silicon, treated with superacid-derrived 

solution and optimised cleaning process. The maximum lifetime of 75 ms is represented by the 

orange triangle data points. Figure reproduced from [103]. ................................................... 30 

Figure 2.8 – Effective lifetime plotted over time in minutes for n-type silicon samples having undergone 

superacid treatment, showing the trends in degradation of the sample in ambient conditions. 

Figure reproduced from [103]. The solid lower four lines are modelled data. ............................ 32 

Figure 2.9 – a) FTIR spectrum of DCE and TFSI-DCE solutions, with the characteristic peaks labelled. b) 

ATR-FTIR spectrum of TFSI-DCE treated silicon, performed on (100) and (111) orientation silicon 

wafers. c) XPS spectrums of Si and O peaks for HF treated and TFSI-DCE treated (100) 

orientation silicon samples. d) XPS spectrums of C peaks for HF treated and TFSI-DCE treated 

(111) orientation silicon samples. Figure reproduced from [101]. ........................................... 34 

Figure 3.1 – Image showing the low specification glovebox used during sample processing. .............. 37 

Figure 3.2 – Image showing the high specification MBRAUN glovebox used during the experimentation.

 ...................................................................................................................................... 38 

Figure 3.3  Left – Picture showing the experimental setup used for measuring minority carrier lifetime. 

The Sinton WCT-120 photoconductance tool is based in the School of Engineering at The 

University of Warwick. Right – Schematic diagram of the internal configuration of the system used 

to acquire the data. Reproduced from [47]. ......................................................................... 46 

Figure 3.4 Left – Picture showing the BT Imaging iLS-L1 system used at Warwick to obtain 

photoluminescence images of the different passivating treatments performed during this research. 

Right – Simplified schematic diagram presenting the internal parts used to obtain the 

photoluminescence image. ................................................................................................ 48 

Figure 3.5 – Picture showing the Renishaw inVia spectrometer “Gonzo” with 532 nm laser used to 

collect some of the data presented in this thesis. ................................................................. 49 



Figure 3.6 – Picture showing one of the samples mounted to copper stub inside the transfer chamber of 

the XPS system before being moved into the analysation chamber for measurement. ............... 51 

Figure 3.7 – Pictures showing the experimental setup used for measuring surface charge. The KP 

Technology KP020 tool was based in the Department of Materials and the University of Oxford. . 53 

Figure 3.8 – Picture showing internals of the KP Technology KP020 measurement tool ..................... 54 

Figure 3.9 - Image showing sample in situ under Kelvin probe analysis tip. ..................................... 54 

Figure 4.1 – Effective lifetime versus s excess carrier density plotted for 5 Ωcm n-type float-zone silicon 

wafers all with a thickness of 740 µm which have been passivated with TFSI dissolved in different 

solvents. The properties of the solvents are given in Table 4.1. The intrinsic lifetime limit given by 

Richter et al. [28] is also plotted, the calculation is discussed in Section 2.1.3. ........................ 59 

Figure 4.2 – Normalised effective lifetime at an excess carrier density of 1015 cm-3 vs time since first 

measurement (the lifetimes are normalised to the first measurement taken for that sample) on 

samples passivated with TFSI dissolved in the solvents being studied. Graph (a) contains the 

results from solvents which give high absolute lifetimes, while graph (b) shows results for lower 

absolute lifetimes in Figure 4.1. Samples for this experiment were 5 Ω cm n-type float-zone 

silicon with a thickness of  750 μm. .................................................................................... 62 

Figure 4.3 – The effect of humidity on effective lifetime at an excess carrier density of 1015 cm-3 for four 

quarters of a 5 Ωcm n-type float-zone silicon wafer. Samples were passivated with TFSI-hexane 

and were stored under the conditions indicated in the legend. Ambient relative humidity (RH) in 

the laboratory was 39 ± 2 %, and the laboratory temperature was 24 ± 1 °C.  Samples for this 

experiment were 5 Ω cm n-type float-zone silicon with a thickness of 740 μm. ........................ 64 

Figure 4.4 – Time series photographs showing vials containing solutions of TFSI in different solvents. 

The vials are labelled corresponding to additional chemical data provided in Table 4.1. Colour 

changes were observed in the vials containing acetone (A), DCE (D), dioxane (E) and toluene (J).

 ...................................................................................................................................... 67 

Figure 4.5 – A comparison of the time stability of TFSI-hexane and TFSI-DCE solutions in the (new) 

fresh state and after 21 days of sealed storage. The effective lifetime at an excess carrier density 

of 1015 cm-3 at each time step was normalised by that of the first measurement. ..................... 69 

Figure 4.6 – (a) Effective lifetime measured in whole 100 mm diameter 3 Ωcm n-type FZ-Si wafers with 

different thicknesses from the same ingot passivated with TFSI-hexane using the best case 

results from a series of tests. Also shown are the current intrinsic lifetime limit [28] and the bulk 

lifetime extracted using Equation 4.1 as a function of injection. (b) Plot used to extract surface 

recombination velocity and bulk lifetime from the data in (a). (c) Uncalibrated photoluminescence 

image of the passivated 179 µm thick 100 mm diameter wafer to show the passivation and bulk 

lifetime uniformity. ........................................................................................................... 72 

Figure 4.7 – Results of the reproducibility study on whole 100 mm diameter 3 Ωcm n-type FZ-Si wafers 

with different thicknesses from the same ingot passivated with TFSI-hexane. Lifetimes are 

extracted at an injection level of 1015 cm-3. (a) Plot in accordance with Equation 4.1 to determine 

the effective surface recombination velocity and bulk lifetime. The open data point from Test 3 

was excluded from the fit due to process-induced surface damage. (b) Selected uncalibrated PL 

images of the thickest sample for Tests 2 to 4, showing that surface damage during processing 

during Test 3 is removed by etching as part of Test 4. .......................................................... 76 

Figure 4.8 – Modelled effective surface recombination velocity (S) vs excess carrier density for whole 

100 mm diameter 3 Ωcm n-type FZ-Si wafers from same ingot passivated with TFSI-hexane. The 

data shown are for the two thinnest wafers for Tests 1 to 5 (except Test 4 for the second thinnest 

sample) with the thinnest wafer being denoted with closed symbols and the next thinnest wafer 

denoted with open symbols. For these calculations Qf = - 7 × 1010 qcm-2 and three scenarios with 

different Sn values are shown.  The author collected the experimental data while fitting was 

performed by Pietro P. Altermatt. ....................................................................................... 79 



Figure 4.9 – Injection-dependent effective lifetime of Ga doped Silicon PERC devices treated with 

superacid-based passivation, showing results before and after light-induced degradation .......... 80 

Figure 5.1 – (Left) The common structure of the molecules in the passivating solutions investigated, 

with the central group of the molecule varying (designated by “X”). (Right) Lifetime 

measurements performed in the high-specification glovebox on high-purity silicon wafers treated 

with different solutions in the same glovebox. The lifetime in the control sample which was only 

HF-dipped to have a hydrogen-terminated surface is also shown.  Samples for this experiment 

were 5 Ω cm n-type float-zone silicon with a thickness of 750 μm. ......................................... 86 

Figure 5.2 – (a) Proton NMR and (b) fluorine NMR performed on a range of passivating solutions 

formed from the molecules in Figure 4.1 dissolved in hexane. (c) Lifetime results for 5 cm n-type 

silicon treated with new and 28 days’ old TFSI dissolved in hexane or DCE. (d) Fluorine NMR 

results for the solutions used in panel c showing the appearance of an additional fluorine-related 

shift due to degradation of the solutions. ............................................................................ 87 

Figure 5.3 – 19F NMR spectra acquired for different solution ages for TFSI (NH) in (a) hexane and (b) 

DCE. The peak at – 80.0 ppm appears in the hexane solution after 28 days and in the DCE 

solution after 14 days. ...................................................................................................... 89 

Figure 5.4 – Vials of passivation solutions of (NH) TFSI dissolved in hexane (left) or DCE (right) after 

(a) no days and (b) 28 days of sealed storage. A clear colour change is observed for DCE but not 

hexane. .......................................................................................................................... 90 

Figure 5.5 – Experiments to establish the role of field effect passivation on 5 Ωcm n-type silicon 

surfaces. The Kelvin probe (KP) measurements (left) show the relative effect of LED illumination 

on the surface potential for a HF-dipped sample and a TFSI-hexane treated sample, 

demonstrating that the passivating film is negatively charged. The band diagrams (right) illustrate 

the effects of illumination on the surface band structure. ...................................................... 91 

Figure 5.6 – Experimental results for HF dipped and TFSI-hexane treated 1 Ωcm 200 μm thick p-type 

silicon samples acquired following ~12 h in optimal storage conditions. Lifetime data in (a) show 

that the TFSI-hexane passivates the surfaces. Effective lifetimes are lower than in the n-type case 

but this may be because: (i) thinner samples were used; (ii) the passivation degrades slightly 

during storage prior to measurement; and (iii) the bulk lifetime is likely to be lower. The samples 

had not been subjected to a high temperature anneal to reduce bulk recombination [89] and 

light-induced degradation could have occurred [132]. Kelvin probe (KP) data in (b) show that LED 

illumination has the same effect as observed on n-type samples (Figure 5.5), confirming the 

presence of negative charge in the thin film. ....................................................................... 92 

Figure 5.7 – Experiments to establish the role of field effect passivation on 5 Ωcm n-type silicon 

surfaces treated with TFSI-hexane. (b) Relative KP surface potential over an extended time 

period. (c) Lifetime measurements made in air on the same sample used for KP measurements in 

panel a showing the reduction in lifetime which has occurred. ................................................ 93 

Figure 5.8 – (a) Lifetime and (b) KP measurements made on two different quarters of the same 700 

μm thick 5 Ωcm n-type float-zone silicon wafer. The KP surface potential is plotted relative to an 

HF dipped sample at 0 mV. The lifetime measured in the KP sample at the end of the experiment 

is shown as a star, on plot (a). .......................................................................................... 94 

Figure 5.9 – Fitting of injection dependent lifetime data for 700 μm thick 5 Ωcm n-type float-zone 

silicon wafers passivated with TFSI-hexane at different stages of degradation in air. Interface 

charge density (Qeff) was held constant and the interface trap density (Dit) was varied for the fits 

presented. The author collected the experimental data while fitting was performed by Dr Nicholas 

E. Grant. ......................................................................................................................... 95 

Figure 5.10 – Lifetime measurements made on the same 740 μm thick TFSI-hexane passivated sample 

subjected to corona charging. The lifetime reduces with negative and positive corona charging. 

Corona charging was attempted using a point-to-plane set up described previously [106] with the 



point electrode held at 30 kV and 20 cm away from the sample. Charges were applied for 30 to 

60 s on both surfaces. ...................................................................................................... 96 

Figure 5.11 - (a) XPS F 1s spectra for HF-dipped and TFSI-hexane treated Si samples, with the treated 

data shifted upward by 100 counts for clarity. (b) XPS Si 2p spectra for HF-dipped and TFSI-

hexane treated samples, with the treated data shifted upward by 2000 counts for clarity. Both 

sets of XPS spectra are for a takeoff angle of 15° to probe the near-surface region. (c) Lifetime 

measurements performed in air for a sample after an HF dip, after passivation with TFSI-hexane 

in the low specification glovebox, and after placing the passivated sample in a vacuum chamber.

 ...................................................................................................................................... 98 

Figure 5.12 – XPS results for a take-off angle of 90°. (a) XPS F 1s spectra for  HF dipped and TFSI-

hexane treated Si samples, with the treated data shifted upwards by 80 counts for clarity (b) XPS 

Si 2p spectra for HF dipped and TFSI-hexane treated samples, with the treated data shifted 

upwards by 13,000 counts for clarity. ................................................................................. 99 

Figure 5.13 – (a and b) Optical micrographs of droplets of passivation solution on a silicon surface after 

TFSI-DCE passivation treatment. (c) Raman spectra acquired from the droplet in panel a and in a 

region between the droplets in panel b. Details of the peak assignments are given in Table 5.1. 

(d) Effective lifetime measured versus time in air for samples treated with TFSI-DCE in 25% RH 

(to have droplets present) and 0% RH (to have no droplets present), with curves plotted to guide 

the eye. ........................................................................................................................ 101 

Figure 6.1 –  Effective lifetime versus excess carrier density for 700 µm thick 5 Ω cm n-type TMAH 

etched silicon wafers. In (a) the samples are subjected to HF(2%) : HCl(2%) or HF (50%) 

treatments for the times stated, and in (b) a TFSI-pentane superacid-derived surface passivation 

scheme (SA) is applied in addition. ................................................................................... 109 

Figure 6.2 – Effective lifetime versus excess carrier density for 700 μm thick 5 Ωcm n-type ............ 110 

Figure 6.3 – Effective lifetime versus excess carrier density for 700 μm thick 5 Ωcm n-type ............ 111 

Figure 6.4 – Effective lifetime at an excess carrier density of 1015 cm−3 for 700 µm thick 5 Ω cm n-type 

TMAH etched silicon wafers. The left bar of each pair shows the effect of the stated treatment 

only, whereas the right bar shows the effect of the stated treatment plus an additional TFSI-

pentane superacid-derived surface passivation scheme (SA). The factor by which the superacid-

derived passivation enhances lifetime is stated. Data for planar etched silicon are shown in Figure 

6.5. .............................................................................................................................. 112 

Figure 6.5 – Effective lifetime at an excess carrier density of 1015 cm-3 for 700 μm thick 5 Ωcm ....... 113 

Figure 6.6 – Modelling of effective lifetime as a function of excess carrier density for 700 µm thick 5 Ω 

cm n-type silicon using the extrema of the experimental data for TMAH etched silicon in Figure 

6.1 (all with 10 min treatment times). Plot (a) is for samples subjected to just HF(2%) : HCl (2%) 

or HF(50%) treatments, and samples for plot (b) also received a TFSI-pentane superacid-derived 

passivation scheme (SA). As described in the text, a model was used to produce the solid lines, 

which provided a good fit to the experimental data with the parameters stated...................... 115 

Figure 6.7 – Modelling of effective lifetime as a function of excess carrier density for 700 μm .......... 116 

Figure 6.8 –   Modelling of effective lifetime as a function of excess carrier density for 700 μm thick 5 Ω 

cm n-type silicon using experimental data for HF(2%):HCl(2%) and HF(2%) treated planar etched 

silicon. Plot (a) is for samples subjected to just HF(2%):HCl(2%) or HF(2%) treatments, and 

samples for plot (b) also were subjected to a TFSI-pentane superacid-derived passivation scheme 

(SA). The parameters used to fit the data are shown in the figure. ....................................... 118 

Figure 6.9 – XPS spectra at take-off angle of 15° with respect to the surface parallel for 5 Ω cm n-type 

FZ-Si treated for 10 min with HF(50%) at the top, and HF(2%) : HCl(2%) at the bottom. Spectra 

have been offset in the vertical direction for clarity. The F 1s spectra (left) show substantially 

enhanced fluorine termination in the HF(50%) case. The Si 2p spectra (right) are similar for both 



treatments, showing any SiOx layer is thin. Additional superacid-derived passivation was not 

applied.......................................................................................................................... 119 

Figure 6.10 – XPS spectra at take-off angle of 90° with respect to the surface parallel for 5 ............ 121 

Figure 6.11 – Representative 25 µm × 25 µm AFM maps of 5 Ω cm n-type FZ-Si after (a) an HF(50%) 

treatment for 10 min and (b) an HF(2%) : HCl(2%) treatment for 10 min. Neither sample had 

been subsequently treated with superacid-derived passivation. The horizontal line scans in (c) 

show scans typical of both sample types. .......................................................................... 122 

Figure 6.12 –  Effective lifetime versus excess carrier density for 110 µm thick 5 Ω cm n-type Cz-Si 

samples from the same wafer treated with HF (2%) : HCl(2%) or HF(50%) for 10 min 

immediately before the ALD process (200 °C deposition with 460 °C activation). The level of 

surface passivation is the same within the 5% error shown, unlike for the superacid-derived 

passivation in Figure 6.1 (b). The intrinsic lifetime limit from Richter et al. [28] is also shown, as 

discussed in Section 2.1.3. .............................................................................................. 124 

Figure 6.13 – Effective lifetime versus excess carrier density for 130 μm thick 5 Ωcm n-type .......... 125 

Figure 6.14 –  Si 2p XPS spectra at take-off angle of 90° with respect to the surface parallel of ....... 126 



Declaration 



Abstract 



Abbreviations 

DCE  1,2-dichloroethane  

AlOx  Aluminium Oxide  

AFM  Atomic Force Microscopy 

ALD  Atomic Layer Deposition  

TFSI  Bis(trifluoromethanesulfonyl)imide 

c-Si  Crystalline Silicon 

DCM  Dichloromethane 

FTIR  Fourier-transform infrared spectroscopy 

HF  Hydrogen Fluoride (aq) 

a-Si:H  Hydrogenated Amorphous Silicon  

IBC  Interdigitated Back Contacted  

IPA  Isopropanol 

KP  Kelvin Probe 

LED  Light Emitting Diode 

MOSFET Metal Oxide Semiconductor Field-Effect Transistor 

NMR  Nuclear magnetic resonance 

PERC  Passivated Emitter Rear Cell  

PCD  Photoconductance Decay 

PL  Photoluminescence 

PV  Photovoltaic 

PECVD  Plasma Enhanced Chemical Vapour Deposition  

QSS  Quasi-Steady-State 

QSS-PC  Quasi-Steady-State Photoconductance 

RCA  Radio Corporation of America 

RTO  Rapid Thermal Oxidation 

RTO  Rapid Thermal Oxidation  

SAM  Self Assembled Monolayer 

SRH  Shockley-Read-Hall 

SiNx  Silicon Nitride 

SiOx  Silicon Oxide 



sc-Si  Single Crystalline Silicon 

SA  Superacid 

SRV  Surface Recombination Velocity 

TMAH  Tetramethylammonium hydroxide 

TMAH  Tetramethylammonium Hydroxide 

XPS  X-ray photoelectron spectroscopy 



List of Publications 

First author papers published as a direct result of the research in this thesis: 

 

 

  

 

Papers contributed towards and published during the period of study for this 

thesis: 

 

 

 



Chapter 1  Introduction 

1.1 Motivation 



 



1.2 Thesis Outline 





Chapter 2  Silicon Photovoltaic Surface 
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2.1.2 Surface Recombination 



2.1.3 Intrinsic Lifetime Limit 
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2.2  Measurement of Carrier Lifetime 
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2.3  Surface Recombination Velocity 
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2.4  Surface Passivation - Chemical vs. Field effect 



2.5 Permanent Dielectric Based Surface Passivation  

2.5.1 Thermal Silicon Oxide (SiOx) 



2.5.1.1 Rapid Thermal Oxidation (RTO) 

2.5.2 Plasma Enhanced Chemical Vapour Deposition of Silicon Nitride 

(PECVD SiNx) 



2.5.3 Atomic Layer Deposition of Aluminium Oxide (ALD AlOx) 





2.6 Temporary Surface Passivation 

2.6.1 Liquid Immersion Passivation 



2.6.1.1 Acid Based Passivation Treatment 

2.6.1.1.1 HF Passivation 





2.6.1.2 Halogen-Alcohol Passivation 



2.6.1.3 Benzyl-Alcohol Passivation 



2.6.2 Thin Film Passivation 







2.7 Organic Superacid-Derived Passivation 

Passivation 

Type 

Chemical/Material Deposition 

Method 

SRV 

(cm s-1) 

Reference 

Dielectric SiO2 PECVD 2.6 [86] 

 HfOx ALD 1.92 [87] 

 SiO2 Alnealed Thermal 
SiO2 

1.72 [53] 

 amorphous-SiOx:H PECVD 1.5 [86] 

 SiNx Catalytic-CVD 0.6 [88] 

 AlOx Plasma-enhanced 
ALD 

0.26 [28] 

Acid HF (20%) Immersion 2.7 [71] 

 HF(15%) + HCl Immersion 0.6 [89] 

Halogen Iodine + Methanol Immersion 25 [90] 

 Bromine + Methanol Immersion 20 [91] 

 Iodine + Ethanol Immersion 5.2 [92] 

Benzyl Quinhydrone + 
Methanol 

Immersion 7 [93] 

 Benzoquinone + 
Methanol 

Immersion 1.6 [94] 

Organic Polystyrenesulfonate  Spin Coated 6 [95] 

Superacid TFSI-Hexane Dip Coated 0.69 This work 

 



 

 

 

 

 







2.7.1 Stability 





2.7.2 Superacid Passivation Mechanism 





2.8 Summary 



Chapter 3  Experimental Methods 

3.1 Sample Wafers 

3.2 Sample and Chemical Preparation 

3.2.1 Gloveboxes 



3.2.1.1 Low Specification Glovebox 



3.2.1.2 High Specification Glovebox 



3.2.2 Sample Cleaning 

3.2.2.1 RCA 1 Cleaning 

3.2.2.2  RCA 2 Cleaning 

3.2.2.3 Standard Cleaning Procedure 

 

 

 

 



 

 

 

 

 

 

 

3.2.2.4 Cleaning Modifications 



3.2.3 Avoiding Contamination of Glassware and Tools 

 

 

 

 

 

 



 

 

3.2.4 Passivating Solution Preparation 



3.2.5 Solution Based Passivation 



3.3 Characterisation Methods 

3.3.1 Photoconductance Decay Lifetime 



∆𝜎 =  
∆𝑝

𝑞(𝜇𝑛 + 𝜇𝑝)



Δ𝑝





3.3.2 Photoluminescence Imaging 



 ×



3.3.3 Raman Microscopy 



3.3.4 Nuclear Magnetic Resonance (NMR) Spectroscopy 



3.3.5  X-ray Photoelectron Spectrometry 





3.3.6 Kelvin Probe 





3.3.7 Atomic Force Microscopy (AFM) 

3.4 Summary 



Chapter 4  Solvent Dependence of 

Superacid-derived Passivation 

4.1 Motivation 



4.1.1 Principle of Superacid-derived Passivation 

Label Solvent name used Chemical name Formula

Relative

Polarity

Supplier

(product number) Purity 

A Acetone 2-propanone C3H6O 0.355 VWR (83683) 99.9%

B Chlorobenzene Chlorobenzene C6H5Cl 0.188 Sigma Aldrich (284513) 99.8%

C Cyclohexane Cyclohexane C6H12 0.006 Sigma Aldrich (227048) 99.5%

D Dichloroethane (DCE) 1,2-dichloroethane C2H4Cl2 0.327 Sigma Aldrich (284505) 99.8%

E Dioxane 1,4-dioxane C4H8O2 0.164 Sigma Aldrich (296309) 99.8%

F Dichloromethane (DCM) Dichloromethane CH2Cl2 0.309 Alfa Aesar (41835) 99.7%

G Hexane n-hexane C6H14 0.009 Sigma Aldrich (296090) 95.0%

H Isopropanol (IPA) 2-propanol C3H8O 0.546 Sigma Aldrich (278475) 99.5%

I Octane n-octane C8H18 0.012 Sigma Aldrich (296988) > 99 %

J Toluene Toluene C7H8 0.099 Sigma Aldrich (244511) 99.8%



4.2 Results & Discussion 

4.2.1 Passivation Dependence on Solvent for TFSI 





▼



4.2.2 Degradation of Passivation 





4.2.3 Effects of Storage Conditions 





4.2.4 Solution Degradation 











4.2.5 Extraction of Bulk Lifetime and Effective Surface Recombination 

Velocity 

τeffective

1

τeffective
=  

1

τbulk
 +  

2S

W

τbulk S

W τeffective

W τbulk τbulk S



τbulk

S τbulk

S

τbulk

τbulk





4.2.5.1 Analysis of Achieved Surface Passivation 

S

N

σ vth

σ vth S

N ×

S

N

Sn

N ×

S =  σvthN



4.2.6 Reproducibility of Passivation Treatment 









1

τbulk

τp

τp

×

τn τp τn

±

×

1

τbulk
 =  

1

τSRH
+  

1

τAuger
+  

1

τradiative



×

Sn

Sn ×

×

×



4.3 Superacid Treatment Applications 



4.4 Summary 
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Chapter 5  Evolution of 

Bis(trifluoromethanesulfonyl)-Based 

Passivating Solutions and their 

Effect on Surface Passivation 

5.1 Introduction 

5.2 Motivation 



5.3 New Passivating Solutions and Molecule Dependence 



 

 

 



5.4 Surface Chemistry and Passivating Species 



5.4.1 Nuclear Magnetic Resonance (NMR) 







 









5.4.2 Kelvin Probe – Surface Charge Measurement 

























5.4.3  X-ray Photoelectron Spectroscopy (XPS) 





 

 

 





  









5.4.4  Raman Microscopy 







  

















Peak 
assignment 

Substance 
Peak 

position 
(cm-1) 

Peak 
description 

Reference 
for 

assignment 

δ (C-H) DCE 1447 vw [146] 

υ SO2 TFSI 1330 w [147] 

υ CF3 TFSI 1243 w [147] 

υ CF3 TFSI 1206 w [147] 

υ SO2 TFSI 1132 w [147] 

ρ CH2 DCE  
977 (on) 

vs  [146] 

979 (off) 

ρ CH2 DCE 942 vs [146] 

  
  

Etched 
silicon  

820 (on) 
vw  [149, 150]  

822 (off) 

δ CF3 TFSI 766 vw [147] 

δ CF3 TFSI 745 vs [147, 148] 

υ C-Cl DCE 667 w [146] 

υ C-Cl  DCE  
642 (on) 

w  [146] 

638 (off) 

υ C-Cl  DCE  
618 (on) 

w  [146] 

616 (off) 

bulk (Si-Si) Bulk silicon 520 vs [149] 

δ (C-C-Cl)  DCE  
431 (on) 

w  [146]  

433 (off) 

ω SO2 TFSI 403 m [147] 

ρ SO2 TFSI 326 m [147] 

δ (C-C-Cl)  DCE  
301 (on) 

s  [146]  

303 (off) 

ρ CF3 TFSI 279 s [147] 

δ (C-C-Cl) DCE 229 m [146] 

t (C-C) DCE 119 m [146] 

υ



5.5 Summary 







Chapter 6  Atomic Level Termination 

for Passivation and Functionalisation 

of Silicon Surfaces 

6.1 Introduction 

6.2 Motivation 





6.3 Effective Lifetime Experiments and Modelling 

τ

τ

τ τ

τ

τ

τ

1

τeffective
 =  

1

τbulk
+  

2𝑆
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6.4 Surface Characterisation 



Treatment Take-off 
angle 

Si C O F 

HF(50%) 90° 80.8 15.5 1.9 1.8 

HF(50%) 15° 53.8 41.3 3.4 1.5 

HF(2%):HCl(2%) 90° 83.6 14.1 1.8 0.4 

HF(2%):HCl(2%) 15° 50.1 46.1 3.4 0.4 





6.4.1.1 Discussion - Surface Treatments and Termination 





6.4.2 Surface Termination for Dielectric-based Passivating Films 







6.4.2.1 Discussion - Additional passivation after chemical treatments 





6.5 Summary 



Chapter 7  Conclusion 

7.1 Solvent Dependence of Superacid-derived Passivation 



7.2 Evolution of Bis(trifluoromethanesulfonyl)-Based 

Passivating Solutions and their Effect on Surface 

Passivation 

fl

fi ff

fi ff fi

fi
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ff
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7.3 Atomic Level Termination for Passivation and 

Functionalisation of Silicon Surfaces 



7.4  Future Work 
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