
 ORCA – Online Research @ Cardiff

This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's

ins ti t u tion al r e posi to ry:h t t p s://o rc a.c a r diff.ac.uk/id/ep rin t/15 3 0 6 7/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for

p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

Yu, Wenh ui, Le e,  Jeong  Geu n,  Joo, Young-H e e,  H o u,  Bo , U m,  Doo-S e u n g  a n d  Kim,

Ch a n g-Il 2 0 2 2.  E tc hin g  c h a r a c t e ris tics  a n d  s u rfac e  p ro p e r ti e s  of fluo rin e-do p e d  tin

oxide  t hin  films  u n d e r  CF 4-b a s e d  pl a s m a  t r e a t m e n t .  Applied  P hysics  A: M a t e ri als

Scie nc e  a n d  P roc e ssin g  1 2 8  (10) , 9 4 2.  1 0.1 00 7/s0 0 3 3 9-0 2 2-0 6 0 8 2-y 

P u blish e r s  p a g e:  h t t p://dx.doi.o rg/10.10 0 7/s 00 3 3 9-0 2 2-0 6 0 8 2-y 

Ple a s e  no t e:  

Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,  for m a t ting

a n d  p a g e  n u m b e r s  m ay  no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e  d efini tive  ve r sion  of

t his  p u blica tion,  ple a s e  r efe r  to  t h e  p u blish e d  sou rc e .  You a r e  a dvis e d  to  cons ul t  t h e

p u blish e r’s ve r sion  if you  wis h  to  ci t e  t his  p a p er.

This  ve r sion  is b eing  m a d e  av ailabl e  in a cco r d a nc e  wi th  p u blish e r  policies.  S e e  

h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s  for

p u blica tions  m a d e  av ailabl e  in  ORCA a r e  r e t ain e d  by t h e  copyrigh t  hold e r s .



1 

 

Etching Characteristics and Surface Properties of Fluorine-

doped Tin Oxide Thin Films under CF4-based Plasma 

Treatment 

Wenhui Yu1, Jeong Geun Lee1, Young-Hee Joo1, Bo Hou2, Doo-Seung Um3, †, and Chang-Il Kim1, † 

 

1School of Electrical and Electronics Engineering, Chung-Ang University, Seoul 06974, Republic of 

Korea 

2School of Physics and Astronomy, Cardiff University, Cardiff CF24 3AA, Wales, United Kingdom 

3Department of Electrical Engineering, Sejong University, Seoul 05006, Republic of Korea 

†Correspondence: dsum@sejong.ac.kr (D.-S.U.); cikim@cau.ac.kr (C.-I.K.) 

 

Abstract 

Owing to their low-cost, high-temperature processability, and excellent optoelectronic properties, 

fluorine-doped tin oxide (FTO) films are widely used as transparent conductive materials to replace 

indium-tin-oxide films. Dry etching is increasingly preferred for the patterning of FTO films considering 

the high-resolution patterning process required for microdevice applications. This study investigates the 

dry etching of FTO thin films using CF4-based plasma treatment and analyzes the changes in the etching 

characteristics and surface properties based on various conditions. The highest etching rate was observed 

under pure CF4 conditions, indicating that the chemical etching effect is the primary mechanism during 

the etching process. Based on the X-ray photoelectron spectroscopy and optical emission spectroscopy 

results, we determined that the etching of the FTO thin film was caused by the CFX radical in the CF4-

based plasma. Additionally, the X-ray diffraction results indicate that the plasma etching increased the 

crystal defects in the FTO film. The etching process smoothened the surface morphology of the FTO 

film, and the transmittance and bandgap energy were slightly changed as a function of the etching 

conditions. Additionally, the resistivity of the FTO film improved slightly. The obtained results can 

benefit the development of high-performance optical devices that use FTO as transparent electrodes. 

Keywords: Fluorine-doped tin oxide film, CF4-based plasma, Etching mechanism, Crystal defect, 

Surface and physical property 
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1 Introduction 

Transparent conductive oxide (TCO) films are extensively used in various optical devices, such as 

touch panel displays [1], smart windows [2], indoor solar cells [3], and light-emitting diodes [4], owing 

to their high transmittance and conductivity in the visible region [5]. To date, indium-tin-oxide (ITO) is 

the most extensively utilized TCO owing to its high conductivity and optical transmittance [6]. However, 

ITO is currently restricted in its advancement in optoelectronic technologies because of economic 

disadvantages and technological obstacles. The limited and scattered distribution of indium in the earth’s 

crust results in high manufacturing costs and an unstable ITO supply. Furthermore, they exhibit poor 

chemical and mechanical stability and produce metallic indium on the surface after annealing in a 

reducing atmosphere, thus limiting the device fabrication [7]. Therefore, a stable and widely available 

transparent conductive material is required to replace ITO [8]. Several materials and processing 

techniques have been proposed in recent years, including SnO2-based film systems [9], ZnO-based film 

systems [10], carbon nanotube films [11], graphene films [12], metallic nanowire networks [13], and 

metal chalcogenide films [14]. Fluorine-doped SnO2 (FTO) is the most preferred alternative for ITO 

owing to its low cost, excellent transmittance and conductivity, chemical stability in acidic and alkaline 

solutions, high thermal stability, and adequate mechanical properties [15]. 

The fabrication of microelectrodes for various optoelectronic devices requires the fine patterning of 

TCO films, and etching is the most commonly used process [16]. Several etching methods have been 

proposed for FTO films, including wet etching in acidic solutions, electrochemical etching, and laser 

etching. The wet and electrochemical etching processes are completed in a chemical solution, which 

results in poor controllability and isotropic etching; therefore, they are unsuitable for high-precision 

patterning processes [17-19]. Conversely, the laser etching method causes defects such as poor-quality 

grooves and cracks on the FTO film surface and substrate, which severely affect the optoelectronic 

performance and durability of the electrodes [20-22]. Therefore, the need for anisotropic etching 

properties and high uniformity has rendered the dry etching process using plasma the preferred choice 

for the high-resolution patterning of TCO films. Plasma processing is known to cause various changes 

in the surface and physical properties of TCO films. Chowdhury et al. used inductively coupled plasma 

etching with Cl2/Ar gas to create pyramidal texture patterns on FTO electrodes, which increased the 

total transmittance owing to the reduced light reflection by the pyramidal pattern [23]. Chantarat et al. 

reported that the SnO2 can be reduced to metallic Sn and suboxide of Sn (SnO) on FTO films under an 

atmosphere of H2 plasma [24]. Tang et al. reported that oxygen plasma treatment can modulate the 

energy levels of FTO films. Implanting the oxygen ion in the FTO thin film surface via oxygen plasma 

treatment reduces the number of oxygen vacancies, which in turn reduces the surface carrier 

concentration, causing the Fermi level to shift to the valence band and increasing the work function [25]. 
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In addition, it has also been reported that the pretreatment of FTO glass substrates with CF4 plasma is 

beneficial to improve the adhesion of subsequent film depositions [26]. However, very limited 

information is available on the effects of fluorine-based plasmas on FTO films (eg, etch performance 

and etch mechanism, etc.). Therefore, it is necessary to study the changes in CF4 plasma etching process 

in detail. 

This study investigated the etching characteristics of FTO films under CF4-based plasma treatment 

and analyzed the changes in the surface and physical properties of FTO films after the etching process. 

The etching process was performed in the high-density plasma system and the highest etching rate was 

obtained under pure CF4 plasma conditions. The changes in the crystal structure and chemical 

composition of the FTO films after plasma etching were confirmed by X-ray photoelectron spectroscopy 

(XPS) and X-ray diffraction (XRD). The changes in the surface morphology and surface free energy 

were observed using atomic force microscopy (AFM), field emission scanning electron microscopy (FE-

SEM), and contact angle analysis. Additionally, the physical properties, such as optical bandgap and 

electric mobility, were measured and calculated using ultraviolet–visible light (UV–vis) spectrometer 

and Hall-effect measurement. These results can form the basis for the development of high-performance 

optical devices. 

 

2 Experimental Details 

A 600-nm-FTO thin film on a soda-lime glass substrate (NSG TEC7, 10 mm × 10 mm) was supplied 

by the Pilkington Technology Centre (Pilkington Group Ltd.). Before the etching process, the FTO glass 

was sonicated in isopropyl alcohol, rinsed in deionized (DI) water, and dried using a nitrogen gun to 

obtain a clean surface. 

Etching experiments were performed in a high-density plasma (HDP) system (APTC Selex 200), 

which combines the benefits of a capacitively coupled plasma and an inductively coupled plasma coil 

to generate higher plasma densities (Fig. S1). The system was composed of multi-spiral coils and a 

bushing, with the coil antenna placed above a thick horizontal ceramic window. To generate plasma and 

control the plasma density, a 13.56-MHz-radio frequency (RF) generator was connected to the plasma 

antenna. Additionally, a 2-MHz-RF generator was connected to the electrostatic chuck to control the ion 

flux in the plasma by adjusting the bias voltage. The vacuum in the main process chamber was 

maintained at 8 × 10-4 Torr, which was achieved using rotary and turbomolecular pumps. The 

temperature of the substrate can be controlled using an external cooling cycle [27]. In this study, the 

etching trends of the FTO thin films under CF4/Ar-mixed plasma were obtained under the following 
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conditions: total gas flow rate of 100 sccm, RF source power of 500 W, RF bias power of 150 W, process 

pressure of 15 mTorr, and the substrate was maintained at 25 ℃. 

The etching rates of the FTO thin films were determined using a depth profiler (α-step 500, KLA 

Tencor). The behavior of plasma radicals and ions in the chamber during the etching process was 

characterized using optical emission spectroscopy (OES, VT500, Prime solution). Additionally, 

modifications in the crystal structure and chemical composition of the films after etching were analyzed 

using XRD (D8 DISCOVER, Bruker) and XPS (Nexsa, Thermo Fisher Scientific Inc.), respectively. 

The changes in the surface morphology and roughness of the films were investigated using AFM (NX-

10, Park Systems) and FE-SEM (Sigma 300, Carl ZEISS). The contact angles were obtained using the 

solidified drop method with a contact angle analyzer (Phoenix 300, SEO). Furthermore, the surface free 

energy was calculated using the van Oss model with three types of liquids, namely DI water, glycerol, 

and diiodomethane, as probes for the surface free energy calculation. Optical transmittance and bandgap 

energy analysis and calculations were performed using a UV–Vis spectrophotometer (Lambda 35, 

Perkin–Elmer). Finally, the electrical properties of the films were measured using a Hall measurement 

system (HMS-3000, ECOPIA) based on the van der Pauw method. 

 

3 Results and Discussion 

3.1 Etching Characteristics 

 

Fig. 1 Etching characteristics of fluorine-doped tin oxide (FTO) films in a CF4-based plasma system. (a) 

Etching rate depending on the gas mixing ratio of CF4/Ar. (b) The emission intensity of ions and radicals 
obtained via optical emission spectroscopy (OES) analysis during the etching process. Etching rates based on 

the (c) radio frequency (RF) and (d) bias powers 
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Fig. 1(a) depicts the influence of the CF4/(CF4/Ar) gas flow rate on the etching rate of the FTO film 

at an RF power of 500 W, a bias power of 150 W, and working pressure of 15 mTorr. The etching rate 

was extremely low (13 nm/min) before adding the CF4 gas. As the concentration of the CF4 gas in the 

CF4/Ar plasma increased from 25 to 100%, the etching rate of the FTO thin films increased from 47 

nm/min to a maximum value of 107 nm/min. This indicates that the CF4 gas content is crucial for 

promoting chemical reactions on the surface of FTO thin films. This can be attributed to the increase in 

CFX and F radicals, which enhances the rate of the chemical reactions with tin and oxygen. The 

comparison of etching rates under pure Ar and CF4 plasmas indicates that the chemical etching was 

more effective than the physical sputtering etch pathway in the case of FTO thin films. 

OES analysis is a technique used for measuring species and radical densities based on the intensity of 

the emission wavelength and the electron distribution function. Therefore, we used OES to determine 

the correlation between the relative changes in the emission intensity of the active species in the CF4-

based plasma and the etching rate behavior of the FTO films. The dissociated species were identified as 

Ar (763.4 nm), CF2 (334.7 nm), CF (255.2 nm), and F (683.4 nm) [28], as depicted in Fig. 1(b). The 

emission intensities of CF2, CF, and F radicals acting on the chemical etching process enhanced 

significantly when 25 sccm of CF4 gas was added. Simultaneously, the proportion of Ar ions that 

determines the physical etching in the plasma reduced significantly. The emission intensities of the CF2, 

CF, and F radicals from the CF4/Ar plasma continued to increase as the CF4 gas flux increased. This 

implies that the overall chemical reaction potential increases with the increase in the quantity of 

chemically active radicals in the plasma, rendering the chemically reactive etching of the FTO film more 

favorable. Consequently, the increase in the number of active species in the plasma owing to the increase 

in the CF4 flux exhibits a positive correlation with the etching rate. 

Etching characteristics are affected by the type of plasma gas, density of the plasma, and 

bombardment energy of the ions. To understand the etching characteristics, we observed the etching rate 

caused by changes in the RF and bias powers under pure CF4 plasma conditions. As depicted in Fig. 

1(c), the etching rate initially increased and then decreased as the RF power increased. An increase in 

RF power increases the density of reactive radicals and ions in the plasma, thereby increasing the etching 

rate [29]. The decrease in etching rate can be attributed to the excessive RF power, which reduces the 

sheath voltage on the lower electrode, weakens the physical sputtering energy, and results in the 

accumulation of etching by-products on the surface. Fig. 1(d) indicates that the etching rate increased 

based on the increase in the bias power. This result can be attributed to the increase in the ion 

bombardment energy caused by the increased bias power, rendering it easier to break the bonding of by-

products on the film surface, which in turn increases the etching rate [30]. 
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3.2 Structural Characterization 

 

Fig. 2 (a) X-ray diffraction (XRD) patterns of fluorine-doped tin oxide (FTO) films under different etching 

conditions. (b) Variations of (110), (101), (211), and (200) texture coefficients of FTO films before and 

after etching 
 

During the etching process, the reaction of energetic particles in the plasma causes unavoidable 

damage to its crystal structure. Fig. 2(a) illustrates the crystallographic changes in FTO films etched 

under different conditions, which were analyzed using XRD. The as-deposited (as-dep) and etched 

samples exhibit similar XRD patterns, and all the characteristic diffraction peaks corresponding to the 

tetragonal rutile structure of SnO2 concur with those indicated in the Joint Committee on Powder 

Diffraction Standards (JCPDS) card number 41-1445. Secondary structure peaks, such as the SnO and 

SnF2 compounds, were not identified in the graph. Additionally, the primary diffraction peaks of all 

samples were observed in the (101), (200), and (211) planes, indicating that the growth of the films was 

predominantly along these directions. The variation in the (110) peak with a relatively weak intensity 

can be associated with the etching conditions. 

To quantify the variation in peak intensity under etching conditions, the texture coefficient (TC) for 

each plane was calculated using Eq. (1) [31]. 

 𝑇𝐶(ℎ	𝑘	𝑙) =
!(#	%	&)

!((#	%	&)
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where I (h k l) denotes the measured intensity, I0 (h k l) indicates the corresponding standard intensity 

obtained from the JCPDS card, and N represents the diffraction number; Fig. 2(b) depicts the 

corresponding results. The value of TC along the (200) plane is relatively high for all samples in 

comparison with other planes, indicating that the (200) plane is the preferred orientation for this film. 

Additionally, the preferred orientation of the FTO films remained unchanged after plasma etching. The 
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values of TC(101), TC(200), and TC(211) of the etched sample decreased under all etching conditions 

compared to those of the as-dep sample. The value of TC(110) changed slightly from 0.103 to 0.211 

after the CF4-based plasma etching, which can be inferred that (101), (200), and (211) planes were highly 

distributed on the surface during the growth process. [32, 33]. That is, the surface is removed by the 

etching process and the internal structure is exposed. 

 

Fig. 3 Variations in crystallite size, dislocation density, and micro-strain along the (200) direction of the 

fluorine-doped tin oxide (FTO) films before and after etching 
 

We calculated the lattice constants (a, c, and volume (V)) of the tetragonal structure of the FTO films 

before and after etching based on the lattice spacing of the (110) and (101) planes using Eq. (2) [34]. 

 
$

%#%&
, = &,'(,
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+ *,

+,
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where h, k, and l denote the Miller indices, and d indicates the plane spacing. The lattice parameters 

tend to decrease after Ar plasma treatment and increase after CF4-based plasma treatment, as presented 

in Table S1. This variation in lattice parameters can be associated with defects and lattice disorder, 

which changes the structural properties, such as micro-strain and dislocation [35, 36]. Therefore, the 

average crystalline size (D), dislocation density (δ), and micro-strain (ε) of the samples were determined 

using the following equations [37]: 

 𝐷 = ,-

. +/0 1
 (3) 

 𝛿 = $

2,
 (4) 

 𝜀 = 𝛽 𝑐𝑜𝑡 𝜃 − -

2 034 1
 (5) 

where K denotes the Scherrer constant (0.9), λ indicates the X-ray wavelength (0.154 nm), 

β represents the full-width at half-maximum, and θ denotes the Bragg angle. Fig. 3 and Table S2 present 

the calculated parameter values under different etching conditions. The crystalline size decreased and 
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crystal defects, such as micro-strain and dislocation density, increased in all etched films compared to 

the as-dep FTO film. The most significant change was observed in the sample etched under the Ar 

plasma treatment. This can be attributed to the Ar ion bombardment increasing the number of structural 

oxygen vacancies, causing charge imbalance and lattice distortion. In CF4-based plasmas, the generated 

F ions rapidly occupy oxygen vacancies that are caused by ion bombardment, alleviating charge 

imbalance and the gradual reduction of crystal defects by adjusting the lattice order [38]. This result 

indicates that plasma etching can increase defects or implant impurities in thin films. 

 

3.3 XPS Analysis and Etching Mechanism 

 

Fig. 4 High-resolution X-ray photoelectron spectroscopy (XPS) spectra of fluorine-doped tin oxide (FTO) films 

before and after the CF4-based plasma etching. (a) Sn 3d and (b) F 1s 
 

XPS analysis provides the compositional changes and residues on the film surface after the etching 

process, which can aid the evaluation of the etching mechanism. Therefore, we performed XPS analysis 

of the FTO films before and after the CF4-based plasma etching. All the binding energies were corrected 

using the C 1s of 284.5 eV as a reference. Fig. 4(a) depicts the spectra of Sn 3d for the FTO thin films 

before and after etching. The Sn 3d spectra exhibit a doublet comprising two peaks at 486.41 eV (Sn 

3d3/2) and 494.82 eV (Sn 3d5/2), which are caused by spin-orbit splitting [39]. The spin-orbit splitting of 

Sn 3d before etching is 8.41 eV, which corresponds to the chemical state of Sn4+ in SnO2 [40, 41]. The 

spin-orbit splitting of Sn 3d increases to 8.47 eV after the CF4-based plasma etching. Therefore, it can 

be inferred that Sn4+ combines with other atoms during the etching process, which is closely associated 

with the chemical reaction of the F radicals in the oxygen sites of the SnO2 lattice. To confirm the small 
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shift of the Sn 3d peak, we observed the F 1s core-level spectra of the samples (Fig. 4(b)). As the doping 

content of fluorine in the as-dep sample was extremely low (only 0.62%), no binding energy was 

detected for F. In the samples etched under the CF4-based plasma treatment, the chemical bond between 

tin and fluorine (Sn−F) was observed at 684.97 eV [42, 43]. These results indicate that surface oxygen 

atoms can be easily substituted by F atoms upon exposure to CF4-based plasma because Sn binds stably 

to F than O; the Gibbs free energy change (ΔG) for SnO fluorination is negative [44, 45]. 

 

Fig. 5 O 1s X-ray photoelectron spectroscopy (XPS) narrow scans of the fluorine-doped tin oxide (FTO) films 
after CF4-based plasma etching. (a) As-dep, (b) Ar, (c) CF4/Ar, and (d) CF4 samples 

 

Fig. 5 depicts the narrow-scan spectra of the O 1s region on the surface of the FTO films. To 

investigate the composition combined with oxygen, each spectrum was deconvoluted into three peaks. 

The low binding peak at 530.1 ± 0.1 eV was attributed to the O2− state of oxygen in the SnO2 lattice, 

referred to as OI [46]. The middle binding peak at 531.8 ± 0.1 eV was associated with oxygen vacancies 

in the oxygen-deficient regions, referred to as OII [47]. Finally, the high binding peak at 533.3 ± 0.1 eV 

was assigned to hydroxyl (OH) on the surface of the FTO films, referred to as OIII [48]. The comparison 

of Figs. 5(a), 5(c), and 5(d) indicates that the intensity of the OI peak was reduced after CF4/Ar and CF4 

plasma treatments. This trend implies that the bond between Sn and O atoms is broken during etching, 

which enhances the reaction of Sn atoms with F radicals and that of O atoms with CF2 and CF radicals 

[49]. Additionally, the high similarity between the atomic radii of F and O facilitates F radicals to occupy 

the oxygen vacancies during the etching process, reducing the intensity of the OII peak [38]. By contrast, 

the intensity of the OIII peak increased, which can be attributed to the excellent electronegativity of the 

F ions. When F ions are bonded on the surface, they attract nearby hydrogen atoms and dangling oxygen 
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bonds, resulting in the formation of intermolecular F-HO hydrogen bonds [50]. Conversely, the sample 

etched under Ar plasma treatment indicates that the intensity of the OI peak decreased, whereas the 

intensity of the OII peak increased (Fig. 5(b)). This indicates that the ion bombardment effect in Ar 

plasma breaks the metal-oxide bonds, resulting in the escape of oxygen atoms from the SnO2 lattice and 

the formation of oxygen vacancy defects [51]. This result is consistent with the XRD results and can 

explain the most severe crystal defects in the FTO films etched under Ar plasma treatment. In conclusion, 

the CF4-based plasma etching breaks the Sn-O bonds in the FTO film, accompanied by the reaction of 

Sn and F radicals to generate Sn-F bonds on the surface. Furthermore, O is etched away by the CFx 

radicals in the form of CFO and CO, as illustrated in Fig. 6. 

 

Fig. 6 Schematic of the etching mechanism of fluorine-doped tin oxide (FTO) films under CF4-based plasma 

treatment 

 

3.4 Surface Properties 

 

Fig. 7 Three-dimensional atomic force microscopy (AFM) images of fluorine-doped tin oxide (FTO) films. (a) 

As-dep sample and (b–d) the etched FTO films based on the CF4-based plasma etching. (e) Bar chart of the 

surface roughness based on the gas ratio 
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When a transparent conductive electrode is applied to photoelectric or electronic devices, the surface 

properties of the FTO film significantly affect the performance of the device [52, 53]. For example, for 

solar cells and photodetectors, a rough surface is more effective than a flat surface because it increases 

the surface area and increases light absorption [54, 55]. On the other hand, in the case of transparent 

capacitors or touch screens, a rough surface increases leakage current and deteriorates device 

performance [56, 57]. Therefore, the surface properties of the FTO films must be analyzed after etching. 

Fig. 7 illustrates the three-dimensional AFM images of the etched FTO films and bar charts of the 

variation in surface roughness with the CF4/Ar gas ratio. The surface roughness was reduced to 26 nm 

after the Ar plasma etching. With the increase in the CF4 gas ratio, the roughness of the FTO films was 

further reduced, and the surface roughness of the pure CF4 gas was between 20.2 nm. This indicates that 

the surface roughness of the FTO film after etching was flattened owing to the physical sputtering effect 

and chemical reaction. 

 

Fig. 8 Field emission scanning electron microscopy (FE-SEM) images of fluorine-doped tin oxide (FTO) films 
etched under CF4 plasma treatment considering the process time. (a) As-dep sample and samples etched for (b) 

30 s, (c) 60 s, and (d) 90 s 
 

 

The FTO film surface was observed with respect to the etching time to obtain detailed information on 

the surface morphology during the etching process. Fig. 8(a) depicts the pyramidal crystals of different 

sizes that were distributed on the surface of the as-dep FTO film. The top sharp edges of the crystals 

were rounded at the beginning of the CF4-based plasma etching process (Fig. 8(b)). As the etching time 

was increased, the protrusion on the film surface turned smoother. The accumulation of negative charges 

in the CF4 plasma occurred at the tip of the pyramidal crystal, whereas the positively charged ions were 
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accelerated and concentrated in the part of the accumulated charge under the influence of the bias power 

supply; this resulted in a higher etching rate in the tip of the crystal than in other regions [58, 59]. 

Consequently, the surface of the FTO film progressively turned smoother with the increase in the etching 

time. 

 

Fig. 9 (a) Contact angle change of fluorine-doped tin oxide (FTO) films in deionized water and the 
corresponding droplet photos before and after CF4-based plasma etching. Error bars represent the standard 

deviation of eight replicates for each sample. (b) Calculated surface free energy value. 
 

TCO films can be adapted to specific applications, such as printed electronic devices, gas, and 

biosensors by modifying the surface properties, including adhesion and surface free energy at the 

interface of the designed structure [60-62]. Fig. 9 depicts the contact angles of the FTO films before and 

after the CF4-based plasma etching. The etched FTO films exhibited a significantly lower average 

contact angle (40.67–51.99 °) than the as-dep sample (74.23 °), which can be attributed to the improved 

surface roughness and the accumulation of highly electronegative F ions on the film surface after etching 

[63]. The surface free energy changes were calculated using the van Oss–Chaudhury–Good method (Eqs. 

(6)–(8)) based on the average contact angle data of a liquid triad comprising two polar liquids (DI water 

and glycerol) and one dispersive liquid (diiodomethane) [64]. 

 𝛾56(1 + 𝑐𝑜𝑠 𝜃) = 2(8𝛾7658𝛾5658 +8𝛾769 𝛾56: +8𝛾76: 𝛾569 ) (6) 

 𝛾769: = 28𝛾769 𝛾76:  (7) 

 𝛾76;/<)* = 𝛾7658 + 𝛾769: (8) 

where S, L, and V represent solid, liquid, and vapor, respectively; 𝛾SVLW denotes the Lifshitz–van der 

Waals surface free energy term, comprising dispersion, polar, and induction interactions; and 𝛾SVAB 

indicates the acid–base interaction parameter of surface free energy, where A and B indicate the acid 
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and base, respectively. Tables S4 and S5 summarize the calculated values of the Lifshitz–van der Waals, 

acidic, and basic components of the surface free energy of the FTO samples. Fig. 9(b) illustrates the 

variations in the surface free energy before and after etching. All samples etched using the CF4/Ar and 

CF4 plasmas exhibited lower surface free energy than the as-dep sample (as-dep = 39.90 mN/m, CF4/Ar 

= 31.36 mN/m, and CF4 = 33.63 mN/m). The reduction in the surface free energy can be attributed to 

the halogen complex adsorbed on the surface after etching. A similar result was reported when the ITO 

film was treated with Cl2 plasma [65]. This impacts the stacking process for subsequent device 

fabrication. 

3.5 Physical Properties 

 

Fig. 10 (a) Total Transmittance and (b) reflectance spectrum of fluorine-doped tin oxide (FTO) films before 

and after the CF4-based plasma etching. The inset of (a) depicts a plot of (αhν)2 versus hν for estimating the 

bandgap 
 

Fig. 10 depicts the changes in the optical properties of FTO films before and after etching. In the 

visible light region (λ = 360–700 nm), the average values of total transmittance were 73.5, 74.9, and 

75.2% for the as-deposited film, film etched under CF4/Ar plasma, and film etched under pure CF4 

plasma, respectively. On the other hand, the average values of total reflectance were 10.29, 13.68, and 

13.49% for the as-deposited film, film etched under CF4/Ar plasma, and film etched under pure CF4 

plasma, respectively. This can be attributed to the smoothened surface morphology, which alleviates 

photon scattering [66]. By contrast, pure Ar plasma etching significantly reduced the average 

transmittance (55.8%) and increased the reflectance (13.38%) of the FTO film. This is likely to cause 

extraction of Sn after physical sputtering during the etching process, resulting in a slight yellowing of 

the FTO film [67]. Based on the transmittance data, the bandgap of the FTO films was calculated using 

the Tauc method (Eq. 9) [68]. 

 𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸C)4 (9) 
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where α denotes the absorption coefficient, A indicates the proportionality constant, Eg represents the 

optical bandgap of the material, and n = 1/2 for a direct allowed transition. The bandgap energy of the 

as-dep sample was 3.98 eV, and etching under CF4-based plasma increased the bandgap energy by 0.02 

eV (CF4/Ar) and 0.03 eV (CF4). The bandgap of tin oxide is based on the excitation of electrons from 

the valence band to the conduction band. The increased carrier concentration after etching promotes the 

lowest energy level in the conduction band from the empty to the filled state, which pushes the Fermi 

level to higher energies (the Moss–Burstein effect) [69, 70]. Therefore, the bandgap of the FTO film 

was widened after the CF4-based plasma treatment. 

Table 1 Summary of electrical properties and average transmittance variation of FTO films under the CF4-

based plasma etching 

 As-dep Ar CF4/Ar CF4 

Hall mobility (cm2/(V·s)) 39.4 38.4 38.9 38.4 

Carrier concentration (cm-3) 3.38 × 1020 3.52 × 1020 3.69 × 1020 3.86 × 1020 

Resistivity (Ω·cm) 4.70 × 10-4 4.62 × 10-4 4.35 × 10-4 4.21 × 10-4 

Sheet resistance (Ω/sq) 7.83 7.87 8.40 9.39 

Transmittance (%) 73.5 55.8 74.9 75.2 
 

Electrical properties, such as resistivity(ρ), carrier concentration(n), Hall mobility (μ), and sheet 

resistance are crucial in determining the applicability of TCO materials [71]. Therefore, we confirmed 

the variation in the electrical properties of FTO films under different etching conditions using the Hall-

effect measurements. Five samples were prepared and measured for each condition; Table 1 lists the 

average results. The carrier concentration of the FTO films increased after etching. In the case of samples 

etched under Ar plasma treatment, the induction of oxygen vacancies in the SnO2 structure led to an 

increase in carrier concentration [72]. In the case of samples etched under the CF4-based plasma 

treatment, the substitution of O2 ions by F ions added a free electron to the SnO2 structure [73]. 

Additionally, the mobility of all etched samples decreased slightly from 39.4 cm2/(V·s) to 38.4 cm2/(V·s), 

which can be attributed to the intergranular boundary scattering caused by the crystallite size. In terms 

of resistivity, the increase in carrier concentration compensated for the deterioration in mobility. 

Therefore, the FTO film etched under the CF4-based plasma treatment exhibited the lowest resistance 

of 4.21 × 10-4 Ω·cm. Conversely, the sheet resistance values of etched FTO films all slightly increased. 

4 Conclusions 

This study analyzed the etching characteristics and surface properties of FTO films in an HDP system 

under CF4-based plasma treatment. The etching rate increased with the increase in the CF4 gas flux, and 

the maximum etching rate was 107 nm/min in the case of pure CF4 plasma. Additionally, the etching 
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characteristics of the FTO film can be changed by varying the process parameters, such as the RF and 

bias powers. Plasma etching increased the crystal defects of the FTO films, and the O and Sn 

components in the FTO films combined with F and CFX radicals changed the surface properties. The 

edges of the sharp crystals on the surface of the FTO film turned smooth owing to the CF4-based plasma 

etching, which contributed to the smoothening of surface roughness and enhanced transmittance. The 

surface free energy of the FTO film changed significantly after the plasma etching. Furthermore, the 

increased carrier concentration caused by the change in the FTO surface after the etching widened the 

bandgap to 4.01 eV and reduced the resistance to 4.21 × 10−4 Ω·cm. These results can potentially 

improve the performance of optoelectronic devices via plasma processing and facilitate the 

implementation of FTO films for micro-patterning in various optical device applications. 
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