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Abtrakt (slovensky) 
 

 

Predložená dizertačná práca sa zaoberá štúdiom depozície tenkých vrstiev s využitím 

atmosférickej nízkoteplotnej neizotermickej plazmy generovanej difúznym koplanárnym 

povrchovým bariérovým výbojom. Cieľom práce bolo skúmať plazmou asistovanú depozíciu 

vrstiev rastených metódou Atomic Layer Deposition (ALD). Rast ALD vrstiev prebiehal 

pri nízkom tlaku. Bol skúmaný efekt plazmy na substráty (sklo, kremíkové dosky, polymérna 

PEN fólia) ako aj plazmová úprava tenkých ALD vrstiev. Redukčné vlastnosti DCSBD plazmy 

generovanej v čistom vodíku boli využité pre redukciu oxidov kremíka a ich leptanie 

na povrchu kremíkového waferu. Študované povrchy a pripravené vrstvy boli charakterizované 

viacerými metódami. Najdôležitejšia metóda pre sledovanie nukleácie a začiatočných fáz rastu 

veľmi tenkých TiO2 ALD vrstiev bola spektroskopická elipsometria. Chemické zloženie bolo 

analyzované röntgenovou fotoelektrónovou spektroskopiou. Výsledky boli doplnené o merania 

na skenovacom elektrónovom mikroskope, merania kontaktného uhla a povrchovej energie. 

Ukazuje sa, že plazmová aktivácia kremíkového alebo aj polymérneho substrátu vedie k zmene 

počiatočných fáz rastu veľmi tenkých vrstiev rastených metódou ALD. Výsledky leptania oxidu 

kremíka predstavujú potenciálne jednoduchú a rýchlu metódu čistenia kremíkových dosiek 

spolu s odstraňovaním prirodzeného oxidu. 

 

Kľúčové slová :  

 

ALD, Difúzny koplanárny povrchový bariérový výboj, plazma, tenké vrstvy 

 

  



3 

 

 

Abstract 
 

 

The submitted dissertation thesis is focused on plasma assisted atomic layer deposition of thin 

films. Low-temperature, non-isothermal atmospheric pressure plasma generated by diffuse 

coplanar surface barrier discharge was used for plasma activation of substrates (soda-lime glass, 

silicon wafer and PEN foil) as well as for post-deposition plasma treatment of thin ALD films. 

Atmospheric pressure DCSBD plasma generated in pure hydrogen was used for reduction and 

etching of silicon oxides grown on silicon wafers. All surfaces and thin films were characterized 

by various analysis. Spectroscopic ellipsometry was used to study the nucleation and initial 

growth of ultra-thin TiO2 films. X-ray photoelectron spectroscopy was used for chemical 

composition analysis. Scanning electron microscopy and the contact angle measurement and 

surface energy evaluation was also applied. The results indicate, that plasma surface activation 

of polymeric and Si-wafer substrates changes the initial growth mechanism of thin films grown 

by ALD. Plasma etching of silicon oxide surfaces seems to be a simple and effective new 

method of native oxide removal working at atmospheric pressure. 

 

 

Key words:  

 

Atomic Layer Deposition, Diffuse coplanar surface barrier discharge, plasma, thin films 
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1 INTRODUCTION 

 

Surface technologies has clearly a great importance with a broad field of applications. 

Deposition of a thin films is an important part of many modern application of micro- and nano-

electronics as well as biomedicine, packaging industry and many more. Multitude physical or 

chemical techniques for the deposition of thin films have been developed in the past. Gas phase 

procedures are probably the most widespread, often requiring vacuum environment. Therefore, 

deposition of thin films is still a matter of low pressure methods.  

Plasma-enhanced atmospheric pressure systems have been also utilized for thin films deposition 

using chemical vapour deposition (CVD) or plasma polymerization to produce inorganic or 

organic coatings, respectively. CVD is described by dissociation and chemical reaction of 

gaseous reactants in an activated environment, followed by heterogeneous chemical reactions 

at the surface leading to formation of solid films on the substrate [1].  

The methods mentioned before exhibit quite low effectivity in precursor consumption and they 

are not powerful to produce ultra-thin films. Atomic layer deposition (ALD) seems to be a key 

method for deposition of uniform, impurity-free and defect-less films at nanoscale thickness. 

Atomic layer deposition is a self-limiting growth technique that involves the sequential pulsing 

and purging of reactant gases. Substrates having surface hydroxyl (OH) groups are ideal for 

ALD processes that produce metal oxide films since these groups provide reactive sites for 

chemisorption of the metal-containing precursor [2]. Finnie et al. [3] discuss the important role 

of surface hydroxyls in promoting film nucleation and growth morphology of TiO2 on Si(100) 

by ALD. Most organic polymer surfaces do not possess reactive groups such as hydroxyls 

in their native state and it is therefore possible that true ALD does not occur during the initial 

stages of film growth [4,5].  

The fundamental drawback of classic ALD is the requirement for a processing chamber under 

reduced pressure (typically 1 mbar). There is a general trend to move deposition processes to 

the region of atmospheric pressure conditions [6,7]. ALD on temperature sensitive materials 

(e.g. polymers) was not performed until recently because of the material decomposition at the 

temperatures required for many ALD systems. Low temperature ALD overcome this issue 

showing promise in producing barrier layers for organic semiconductor devices such as organic 

light emitting diodes (OLEDs) [8,9]. 

The utilization of plasma in ALD can led to the improvement of the ALD process as well to the 

better quality of thin films. Brandt and Grace [5] studied the role of surface hydroxyl content 

before and after plasma substrate pre-treatment in atomic layer deposition of aluminum oxide 

on polymers. Plasma-enhanced ALD can deposit films at much lower temperatures than thermal 

ALD [4]. The effect of post-plasma treatment on atomic layer deposition of TiN thin films was 

carried out by Yun et al. [10].  
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1.1 Aims of the thesis 

 

1. To study the DCSBD for thin films deposition 

Plasma assisted polymerization using diffuse coplanar surface barrier discharge was studied at 

first. The research was focused on several related problems such as unwanted polymer 

deposition on the surface of dielectric barrier. Simple long-time polymerization experiment 

shown that one precursor type is more useful than the others. Generally, DCSBD-plasma 

assisted polymerization possess several drawbacks which need to be overcome. Therefore, we 

focused on plasma enhanced atomic layer deposition as a perspective means of thin and ultra-

thin films deposition technique. 

 

2. To study the atomic layer deposition of thin films onto DCSBD plasma treated  

  substrates 

Low-temperature, non-isothermal atmospheric pressure plasma generated by diffuse coplanar 

surface barrier discharge was used for plasma surface activation of substrates prior ALD. Soda-

lime glass, silicon wafer and one type of polymeric sample (PEN foil) were studied as 

substrates. The samples were studied by SEM, XPS, XRD, CA and detailed study of initial 

nucleation and growth mechanism was observed by spectroscopic ellipsometry. The results 

indicate, that plasma surface activation of polymeric and Si-wafer substrates changes the initial 

growth mechanism of thin films grown by ALD. 

 

3. To study the DCSBD plasma surface treatment for the improvement of ALD 

Atmospheric pressure DCSBD plasma generated in pure hydrogen was used for reduction and 

etching of silicon oxides grown on silicon wafers. Plasma etching of SiO2 surfaces using 

DCSBD seems to be a new simple and effective method of native oxide removal working 

at atmospheric pressure. This technology can be used for plasma pre-treatment of silicon wafers 

before ALD if clean native oxide-free silicon surface is required. 

 

4. To study the DCSBD plasma treatment of thin films grown by ALD method 

Post-deposition plasma treatment of thin TiO2 ALD films were studied as the other option how 

to apply DCSBD plasma in atomic layer deposition of thin films. TiO2 films grown on glass 

and silicon wafer were studied by CA measurements and surface energy evaluation, XPS 

analysis or methylene blue degradation test. 
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2 DCSBD plasma-enhanced ATOMIC LAYER DEPOSITION 

2.1 Atomic Layer Deposition 

Atomic Layer Deposition [4,11], is a gas phase deposition technique that utilizes self-limiting 

chemistries for easy, precise and reproducible growth of thin and ultra-thin films at the 

Ångstrom or monolayer level [4,12]. ALD is widely accepted as a means to produce high 

quality films over large deposition area with excellent uniformity and conformal coating 

capability on complex-shaped structures with no line-of-sight depositions [13]. ALD relies on 

two complementary and self-limiting gas-solid reactions in which two different precursors are 

chemisorbed on the growing film surface during their alternate pulses. In practice, the ALD 

reactants can spontaneously chemically combine with each other in the gas phase. To avoid 

this, the reactor chamber is purged with an inert gas (high purity N2 or Ar) after each precursor 

pulse before the other is introduced (Fig. 1, sketch based on scheme in [4]). 

 

Fig. 1: Schematic representation of ALD using self-limiting surface chemistry and an A+B binary 

reaction sequence. 

In the majority of applications, ALD involves the adsorption of a metal-containing precursor, 

followed by exposure of the adsorbed product species to a second reactant [14]. The second 

reactant converts the free ligands of the adsorbed metal containing species into groups that can, 

in turn, react with the metal-containing precursor at the start of the next reaction cycle [5]. 

Schematic example of ALD oxide film formation reaction sequence is shown in Figure 2, where 

XMY is an organometallic reactant and water H2O is second reactant (oxidizer). In the first 

step, an organometallic precursor reacts with hydroxyl groups on a substrate surface, forming 

a chemisorbed species that are bound to the surface through an oxygen-metal bond. In step 2, 

the ligands attached to the metal react with water (reactant 2) to form hydroxyls that, in turn, 

can react with the metal-bearing precursor as the ALD cycle is repeated [5].  

 

Fig. 2: Schematic ALD reaction sequence for the formation of metal oxide film [5]. 
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2.2 Plasma enhanced ALD - plasma pre-treatment of Si-substrates 

Spectroscopic ellipsometry results on the initial stage of ALD on plasma-treated silicon surface 

 

It is widely accepted [5,11,15,16] that during ALD growth, the high density of active surface 

groups generated by a plasma oxidation of a precursor monolayer can play an important role 

since during the subsequent precursor exposure the groups react with the incoming compounds 

which thereby become anchored. However, during the initial nucleation stage, where a 

precursor must react with the oxidised silicon substrate rather than a monolayer of the previous 

precursor, the action of the plasma on the silicon may be different. Therefore we studied the 

effect of plasma surface treatment of the substrate on ALD. The nucleation and growth of ALD 

titanium dioxide on as-received silicon covered with a native oxide layer or on silicon which 

has been subject to a DCSBD plasma treatment in air was studied. The crystallite size and 

density and the number of cycles necessary to create a continuous film are compared between 

the two surface treatments. Moreover, the TiO2 films were characterized and compared by 

SEM, XRD and contact angle measurements. 

The silicon substrates (Czochralski-grown boron-doped, single-side polished wafers of <100> 

silicon) were used. The silicon wafers were cut into approximately 15 mm × 15 mm samples 

and cleaned using an ultrasonic bath with acetone, isopropanol and deionized water 

consecutively, each with a time of 300 s. After cleaning, the substrates were dried using 

compressed air (from bottle). Some of the samples were subject to a dielectric barrier discharge 

treatment in an ambient air atmosphere. In this case a Diffuse Coplanar Surface Barrier 

Discharge (DCSBD) [17] was used. The treatment of the silicon samples by DCSBD plasma 

was performed in a dynamic treatment mode, where the sample was moved through the plasma 

layer above the dielectric surface with defined speed and distance from ceramic. The dynamic 

regime should provide homogeneous and uniform plasma treatment. The dynamic treatment 

system used is shown in Figure 3. The power supplied to the DCSBD plasma system was  

300-310 W equivalent to approximately 1.5 W.cm-2. The silicon samples were plasma treated 

for 5 seconds while the distance between the sample surface and the top of the ceramic surface 

was approximately 0.3 mm. The plasma treatment of silicon samples was carried out directly 

before they were loaded into the ALD system. These samples are identified in this theses as 

‘plasma treated’ samples. The other samples without plasma treatment are labelled as 

‘untreated’. There are no other differences between these two types of samples. 

 

Fig. 3: Scheme of experimental apparatus of plasma treatment of silicon substrates. 
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The titanium dioxide films were deposited using TiCl4 (99.0%) and deionized water precursors 

in a Beneq TFS 500 ALD reactor. The reaction temperature was 350°C and the pulse lengths of 

TiCl4 and H2O were 0.6 s and 0.25 s, respectively. Nitrogen (99,999%) was used as a carrier 

and purge gas with purging time 1 s after TiCl4 exposure and 0.5 s after H2O exposure. The 

chamber pressure was ~2×102 Pa. 

The ellipsometry was carried out using a J.A. Woollam M-2000UI spectroscopic ellipsometer 

in the wavelength range of 210-1500 nm at angles of incidence of 65o, 70o and 75o. The data 

were analysed using WVASE software. The ellipsometric properties of the substrates were then 

carefully measured to obtain accurate parameters for film thickness, roughness parameters, etc.  

    

Fig. 4: Initial growth region, a) plasma treated b) untreated.  

 

We have shown that spectroscopic ellipsometry is an effective means of measuring the initial 

growth process in ALD layers of titanium dioxide on silicon substrates. By careful measurement 

of the parameters of the substrate material and the combined substrate-film combination, the 

point where a continuous film is formed can be determined. Approximately 50 cycles are 

needed for untreated silicon and 80 cycles for plasma treated silicon (Fig. 4). Fitting of the 

optical parameters of the ALD layer shows that in the region before the formation of a 

continuous film, the evolution of the size of the individual crystallites on the substrate can be 

determined by the quantum confinement effect on their optical absorption [18]. The density of 

crystallites on the surface can be determined if the ellipsometric modelling includes a surface 

layer with a thickness equal to the radius of the hemispheres and with adjustable void fraction. 

The plot of crystallite density v. number of ALD cycles is shown in Figure 5. There is little 

difference between the densities on plasma treated and untreated substrate. This shows that the 

initial crystallite density of ~3×1017 m-3 reducing to ~3×1015 m-3 at the point where a continuous 

film is formed. This is probably due to competitive growth with the larger crystallites growing 

at the expense of the smaller by a process of Ostwald ripening. The growth rate of crystallites 

calculated from the QC is consistent with the expected growth rate by the addition of ALD 

layers on their surface with additional crystallite growth by ripening. 
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Fig. 5: Surface density of crystallites as a function of the number of ALD cycles. 

The contact angles measured on TiO2 films of different thicknesses exhibit a maximum value 

somewhere in the range 50-100 ALD cycles both on silicon wafer and soda-lime glass if used 

as a substrates. It is interesting to compare these results with the ellipsometry conclusions. The 

contact angle values seem to begin to decline at the point where a continuous film is formed.  

Treatment of the silicon substrates in a diffuse coplanar dielectric barrier discharge with an air 

atmospheric plasma increases the thickness of the native oxide from ~ 2 nm for the untreated 

silicon to up to ~ 6 nm depending on the treatment time but has only a minor effect on the 

subsequent atomic layer deposition of titanium oxide films. 

2.3 Plasma enhanced ALD on polymers using DCSBD 

Polyethylene naphthalate (PEN) thin foils were used as a substrate. The PEN samples were 

used as-received, without any pre-treatment or cleaning, only the dust particles were removed 

by an air flow. Diffuse coplanar surface barrier discharge (DCSBD) was used as a plasma 

source for plasma treatment of the PEN substrates. The plasma treatment was done in ambient 

air at power input 300-310 W generating thin surface plasma of power density about  

1 W.cm-2. The samples were plasma treated for 5 s in dynamic mode to provide homogeneous 

treatment. The treatment was carried out by movement of the sample above the generated 

plasma layer at the distance 0.30 mm of PEN samples surface from the DCSBD electrode 

surface. 

Alternatively, PEN samples were treated in special reactor designed for plasma generation 

in water vapour [19]. The DCSBD plasma-based reactor is capable to generate non-isothermal 

plasma in water vapour at 100oC. The reactor wall, DCSBD unit as well as all components 

inside the reactor chamber were heated at the temperature of 100oC. The sample were treated 

inside the reactor in dynamic mode for 5 s. The surface-to-surface distance of sample and 

alumina dielectric of DCSBBD was 0.15 mm.  

Titanium dioxide films were deposited using Ti(NMe2)4 (Tetrakis(Dimethylamido)Titanium - 

TDMAT) and deionized water precursors in a Fiji 200 ALD system ( Cambridge NanoTech 
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Inc.). The reaction temperature was 100°C and the pulse lengths of TDMAT and H2O were 

0.1 s and 0.06 s, respectively. Argon was used as a carrier and purge gas with purging time 60 s 

after each processing step. The chamber pressure was ~38 Pa (3.8×10-1 mbarr). 

The PEN foil used for the experiments was covered from factory with the cover foils on both 

sides. As revealed by X-ray photoelectron spectroscopy (XPS), the surface of PEN was 

different at each side. Both sides were studied to reveale the different plasmachemistry. The 

results are therefore presented and differed as PENG and PENW samples. 

The wettability of PEN foils 

The water contact angles on as received PEN surfaces were 88o and 59o on PENG and PENW 

surface, resectively. Plasma treatment resulted in dramatic decrease of water contact angles to 

less than 20 degrees. The exposure of PEN foil to the DCSBD plasma generated in water vapour 

led to fully hydrophilic surface with the CA value less then 5 o. One 1 μl water drop spreaded 

on the surface of PEN sample of the size 2 cm2.  

XPS results of plasma treated PEN surface 

X-Ray Photoelectron spectroscopy (XPS) was used to examine the chemical changes on PEN 

surface after the treatments both in air and water vapour plasmas. Survey spectra revealed the 

presence of oxygen and carbon which are the building block of PEN. Moreover, Fluor and 

silicon were present on the green side of PEN surface. Otherwise, only trace concentration of 

nitrogen, Fluor, silicon and titanium was observed. 

The changes in high resolution spectra of O 1s and C 1s were investigated in details. Plasma 

treatment of PEN foils led to the decrease of C 1s signal intensity due to the decrease of carbon 

contamination presented on the surface. The original Fluor concentration of 14 at.% in case of 

PENG surface was decreased to less than 0.5 at.% (Fig. 6). 

  

Fig. 6: High resolution C 1s (left) and O 1s (right) XPS spectra taken from PENG sample. 
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The increase of oxygen concentration after the plasma treatment was observed on both PENG 

and PENW foils (Fig. 6). In case of PENW foil, the oxygen concentration increased about 71% 

from 17 at.% to 29 at.%.  

Ultra-thin TiO2 ALD films grwon on plasma treated PEN substrate  

Six different sets of ultra-thin TiO2 films were deposited by ALD using 5; 10, 15; 20; 30 and 

40 cycles of precursor doses. Plasma treatment was carried out in ambient air. One ALD batch 

of 20 cycles was done on substrates treated by DCSBD plasma generated in water vapour.  

Survey XPS spectra was used for calculation of titanium concentration on the surface of PEN 

samples. Careful analysis was done to process the XPS data in exactly the same way over each 

PEN sample. Each sample was analysed at two different spots and then average values were 

used to plot the graphs (Fig. 7).  

Titanium concentration on the plasma treated and untreated PENG surface is shown in Figure 7. 

One can see an increase in titanium coverage on plasma treated substrate surfaces. Moreover, 

a distinct difference can be observed if compared PENG and PENW surfaces. A slight larger 

titanium coverage is visible on PENG substrate, which possess a presence of silicon on its 

surface. This silicon came from the planarization, which is a conventional process to ensure 

the electrical integrity of the thin film devices on polymeric substrates [20,21]. This interesting 

result is also important for our research of TiO2 ALD films nucleation on silicon wafers. The 

result indicates the importance of silicon atoms on the substrate surface for atomic layer 

deposition of ultra-thin films. 

 

Fig. 7: Titanium concentration on the surface of PENG after the ALD of TiO2. 
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3 HYDROGEN PLASMA ETCHING OF SiO2 SUBSTRATES 

Chemically prepared surfaces of crystalline silicon (c-Si), handled in ambient air, are typically 

covered by native surface oxide layers and hydrocarbon contamination layers. Removal of such 

layers from silicon surfaces is required prior to many submicron integrated circuit 

processing steps. 

Besides the wet etching by HF solutions, several plasma based methods using fluorocarbons 

[22-24] have been developed for plasma etching of glass or SiO2 layer from the top of silicon 

wafers. Such wet or plasma based methods, however, are using strong acid or base liquid 

solutions or dangerous gases. Therefore, a need exists for a simple and environmentally 

acceptable method for SiO2 etching at atmospheric pressure for novel thin films applications. 

We studied the reduction of the native or thermic oxide layers and contamination presence 

on the silicon wafer surface. The treatment was done at room temperature at atmospheric 

pressure in pure H2 working gas using diffuse coplanar surface barrier discharge. 

Four types of silicon dioxide (SiO2) films were prepared in this work to study the effect of 

DCSBD plasma treatment in pure hydrogen. A native-oxide and thermic-oxide films grown 

on the surface of standard wafers of p-type Si(100) boron doped substrates were used. The first 

type of SiO2 film, labelled Si-0, was native oxide film of thickness about 1.9 nm grown 

at standard conditions in ambient air. The latter types of SiO2 films, labelled Si-1, Si-2 and  

Si-3, with thickness 14 nm, 55 nm and 105 nm, respectively, were silicon dioxide films prepared 

by thermal oxidation method. These thermal-oxide SiO2 films were prepared by annealing of 

cleaned silicon wafers in dry O2 atmosphere in a conventional horizontal atmospheric pressure 

furnace. The annealing procedure consists of 95 minutes period of programmed temperature 

rise to 950oC (with the ramp of 10oC/min) and variable dwell-time at the temperature of 950oC. 

Sample Si-1 was annealed only during the first period with no dwell-time at 950oC. The 

thickness of SiO2 films was measured using standard ellipsometry measurements.  

The reactor chamber used in this work was equipped by DCSBD plasma source (Fig. 8) which 

is capable to generate high power density visually diffuse plasmas at atmospheric pressure. 

 

Fig. 8: Schematics of the experiment. (1) - Al2O3 plate with embedded DCSBD electrode system; 

(2) – DCSBD plasma layer; (3) – Si wafer with SiO2 layer; (4) – fixed spacer; (5) – gas 

inlet and (6) – gas outlet with controlled combustion of hydrogen effluent. 
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Scanning electron microscopy was used to observe the surface morphology of silicon dioxide 

surface before / after plasma treatment. High-resolution imaging of plasma-treated films surface 

and the determination of etching rate using the imaging of edges of broken samples was 

therefore possible. All dimensions of stripes were measured by means of SEM, because the 

reflectivity of the surface was too high for confocal microscope. Chemical changes in the 

surface composition after the plasma treatments were studied using a high resolution XPS  

(X-ray Photoelectron Spectroscopy). 

3.1 The effect of plasma treatment on the surface morphology 

of SiO2 films 

The samples treated in dynamic regime exhibit smooth surface without any structures. The 

samples treated in static conditions showed stripe-type structures on their surface which 

correspond to the structure of the electrodes (Fig. 9a and 9b). 

    

 (a) (b) 
Fig. 9: Top view SEM figures of plasma treated SiO2 samples 

(a) The surface of Si-1 sample after 30 minutes treatment; hydrogen flow 0.13 l.min-1 , distance 0.15 mm. 

(b) Si-3 sample after 15 minutes plasma treatment in H2 plasma (distance 0.15 mm). Typical stripe areas 

can be seen in the figure as well as the comparison of A & B areas to the geometry of DCSBD electrode 

system which a : b = 1.5:1.  

 

We observed wide etched stripy grooves A and narrow stripes B (Fig. 9). The comparison of A 

and B stripes location to the electrode geometry and generated DCSBD plasma (Fig. 8-detial 

and Fig. 9b) indicates that the SiO2 surface is etched mainly by filamentary plasma located 

in the interelectrode space, while in the area directly above metal electrodes significantly slower 

etching (almost no etching) is observed. Side view of transition region between A and B areas 

appears as a small step of different thickness. 



14 

 

The dimensions of wide and narrow stripes were measured repeatedly. In Figure 10a are plotted 

the dimensions of A and B structures of etched Si-2 sample treated at different energy doses 

expressed in Watts × minutes per cm2. As expected, the transversal dimension of etched A area 

is increasing with higher energy dose. At higher supplied energy, i.e. at higher energy dose, the 

H-microdisharges in DCSBD plasma are getting larger effective dimensions which reflects 

in larger etching area, i.e. in wider A area observed after SiO2 plasma treatment in H2 plasma. 

Therefore, the structure of the surface modification can be exactly attributed to structure of the 

DCSBD plasma layer. 

The etching rate of SiO2 in hydrogen DCSBD atmospheric-pressure plasma was determined 

from SEM measurement of broken plasma-treated sample. The Si-3 samples were used for this 

analysis while they possess the thicker silicon dioxide layer on the top of silicon wafer. The 

samples were treated in static regime at power density 1.8 W.cm-2 and the treatment times were 

5 minutes; 15 minutes and 30 minutes. The analysed samples were broken and then a picture 

of single step between A and B area was taken to measure the thickness of SiO2 layer. As plotted 

in Figure 10b, the etching rate was determined at the value about 1.5 nm/min. 

 

 (a) (b) 

Fig. 10: (a) The dimensions of A and B structures of etched SiO2 (Si-2) sample treated at different 

energy doses. (b) Etching rate of silicon dioxide in hydrogen DCSBD plasma 

at atmospheric pressure 

3.2 XPS analysis of hydrogen plasma-treated SiO2 films  

The hydrogen plasma effect on the elemental composition of silicon dioxide was studied in 

details for the Si-1 sample with silicon dioxide layer thickness of 15 nm. This sample was 

chosen to test the etching and reduction effect of H2 DCSBD plasma. The XPS spectra is gained 

from the surface layer of about 2-10 nm. Therefore only chemical composition changes in thin 

surface layer was measured.  

Sample Si-1 was plasma treated in dynamic regime at hydrogen flow of 0.135 l.min-1 and at 

distance of 0.15 mm from the surface of dielectric barrier. After the 30 minutes plasma 
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treatment in hydrogen H2 plasma, the oxygen concentration decreased to 31% from the 

reference value 59% along with the increase of silicon concentration from 36% up to 52%. The 

surface concentration of nitrogen (~ 1%) is most likely from the nitrogen atmosphere in which 

the sample was stored immediately after the experiment. Quite huge carbon concentration 16% 

and 10% on the surface of plasma treated sample could be the result of the exposition of highly 

reactive surface to air and subsequent adsorption of contaminants during the sample 

manipulation before insertion onto the XPS chamber. In case of thicker oxide samples Si-2 or 

Si-3, where only SiO2 layer is etched and reduced without uncovering of the clean silicon 

surface, the carbon concentration was less than 5 % after the etching.  

Hydrogen plasma treatment of SiO2 surface result in the change of Si 2p XPS spectra as seen 

from Figure 11. The Si-oxide peak at binding energy 103.5 eV decreased while the metal silicon 

Si0 splitted peak at BE = 99.4 eV increased. 

  

  (a) (b) 

 
Fig. 11: High resolution Si 2p XPS spectra of untreated (a) and plasma treated (b) 15nm SiO2 film. 

Except the dynamic treatment of the samples, we studied also the effect of hydrogen DCSBD 

plasma on silicon dioxide surface in static conditions. The surface-to-surface distance of the 

sample from alumina dielectric was 0.3 mm. Both two characteristic structures A and B were 

measured by XPS. In the area where SEM revealed strong etching of SiO2 (site A) the oxygen 

concentration decreased from 59% to 47% and silicon concentration increased from 36% to 

42%. In the B area, the XPS revealed smaller decrease of oxygen concentration and smaller 

increase of silicon concentration compared to site A.  
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4 SUMMARY 

Diffuse coplanar surface barrier discharge and its potential for the deposition of thin films was 

studied in this thesis. The presented results show the areas where the low-temperature, non-

isothermal plasma generated by DCSBD could be used. Plasma surface pre-treatment of 

substrates, plasma post-treatment of thin films and the Si-wafer preparation are the areas of 

plasma-enhanced depositions which were studied. 

Atomic layer deposition is a thin film deposition process known for its ability to controllably 

deposit ultra-thin layers with extreme uniformity. DCSBD plasma was studied as a mean 

of activation and hydroxylation of silicon wafer, soda-lime glass and also polymer substrate. 

Treatment of the silicon substrates in a diffuse coplanar dielectric barrier discharge with an air 

atmosphere increases the thickness of the native oxide from ~2 nm for the untreated silicon to 

up to ~6 nm depending on the treatment time but has only a minor effect on the subsequent 

atomic layer deposition of titanium oxide films. We think that the plasma pre-treatment has not 

a dominant effect to generate active surface OH functional species on the surface of silicon 

wafer. The results suggest that the chemical cleaning, performed before plasma exposure, 

established sufficiently reactive surface.  

On the other hand, most organic polymer surfaces do not possess reactive groups such as 

hydroxyls in their native state and it is therefore possible that true ALD does not occur during 

the initial stages of film growth. A brief survey of plasma chemistries on PEN was attempted 

using air plasma and plasma generated in water vapour using DCSBD discharge. 

Experimentally it has been found that the plasma activation of PEN samples improves the 

surface wettability and promotes the OH-related bonds which are important for surface 

reactions during ALD. These results are consistent with the increase of titanium atoms 

concentration on the surface of plasma treated PEN samples. 

DCSBD have been recently studied for plasma surface treatment of various materials. But, until 

now, this treatment has not been studied on ultra-thin films as presented in this thesis. 

During the research of plasma surface activation of silicon wafer before ALD it shows a need 

to study the initial growth mechanism on clean Si surface without the native oxide layer. 

Therefore, DCSBD plasma generated in pure hydrogen was tested for etching and cleaning of 

Si(100) surface. The results show that DCSBD represents an efficient and low-cost technique 

for simple and fast dry etching of native oxide layer. This research and results are therefore 

interesting for microelectronic industry. Moreover, the results demonstrate the potential of 

DCSBD technique to be used for plasma enhanced reduction or oxidizing reactions during 

ALD.  

Further study is required to achieve better understanding of plasma-surface reactions and 

plasma-chemistry of different substrates which are important for deposition of thin films. We 

hope that presented results are important in more complex mission, i.e. the development of 

DCSBD plasma enhanced ALD working at atmospheric pressure. 
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