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Abstract 

Surface treatment is critical for homogeneous coating over a large area and high-resolution 

patterning of nanodiamond (ND) particles. To optimize the interaction between the surface of a 
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substrate and the colloid of ND particles, it is essential to remove hydrocarbon contamination by 

a surface treatment and to increase the surface energy of the substrate, hence improving the 

diamond film homogeneity upon its deposition. However, the impact of substrate surface 

treatment on the properties of coatings and patterns is not fully understood. This study explores 

the impact of UV-ozone, O2, and CF4 plasma treatments on the wetting properties of the fused 

silica glass substrate surface. We identify the optimal time interval between the treatment and 

subsequent ND coating/patterning processes, which were conducted using ink-jet printing and 

ultrasonic spray coating techniques. Our results showed that UV-ozone and O2 plasma resulted in 

hydrophilic surfaces, while CF4 plasma treatment resulted in hydrophobic surfaces. We 

demonstrate the use of CF4 plasma treatment before ink-jet printing to generate high-resolution 

patterns with dots as small as 30 µm in diameter. Ultrasonic spray coating showed homogeneous 

coatings after using UV-ozone and O2 plasma treatment. The findings of this study provide 

valuable insights into the hydrocarbon airborne contamination on cleaned surfaces over time 

even in clean room environments and have a notable impact on the performance of liquid 

coatings and patterns. We highlight the importance of timing between the surface treatment and 

printing in achieving high-resolution or homogeneous. 

1. Introduction 
The treatment of substrate surfaces is extensively used in research spanning solar cells, 

biomedical sensors, production of micro- and nano-electronics 1-3. To achieve homogeneous 

liquid thin films, the substrates must be clean and have a surface energy compatible with the ink. 

The evaporation rate of the solvent(s) should be in balance with the spreading of the liquid. A 

proper surface treatment can meet these requirements by removing organic and inorganic 

contaminants and modifying the surface 4. However, over time the effect of the surface treatment 
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reduces due to interaction with the environment, resulting in a contaminated surface 5. A poorly 

treated surface can cause de-wetting, resulting in inhomogeneous or incomplete covering liquid 

coatings. Droplet-based coating is a non-contact deposition technique that enables large area 

coating, with a low waste of material. However, it is limited by surface wetting and can produce 

capillary flows as well as so-called coffee rings of deposited particles 6. Control of these effects 

would expand the usage of droplet based printing techniques. 

Ultrasonic spray coating (USSC) is a technique that can be used to deposit functional thin 

coatings with a thickness of as low as 30 nm 7 on large and 3D substrates 8. The small droplets 

generated by USSC have a narrow size range 9, 10, which allows homogenous coverage with 

minimal flow behavior of the deposited particles in the liquid thin film. However, the Marangoni 

flow inside a drying droplet will always be present, and fortunately, it can be minimized 11. In 

order to minimize the Marangoni flow, the surface energy of the substrate should be high, which 

promotes the spreading of the deposited droplets. 

Ink-jet printing, another droplet-based technique that can deposit thin functional films with 

sub-millimeter patterns 12 or cover full areas. The spreading and the resulting size of the 

deposited droplet are determined by the ink's surface tension, viscosity, and the surface energy of 

the substrate 13. Therefore, using hydrophobic low surface energy surfaces, one can improve the 

printing resolution of ink-jet printing 14. By modifying the substrate surface, making it more 

hydrophobic, one can therefore enhance the printing resolution. 

Surface modification is crucial for achieving good results with droplet-based printing. Several 

dry cleaning techniques exist that can clean and modify the surface in different ways, such as 

UV-ozone, corona discharge, plasma (using gases such as O2, CF4, N2, and Ar), and laser 

cleaning 5, 15-18. The working principles of these methods are well understood. However, the 
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differences in surface modification result in different hydrocarbon contamination/degradation 

rates over time 5. The effects of these surface modifications on glass are rather unclear. Knowing 

how the surface contamination evolves over time on glass after these modification techniques is 

crucial, especially for droplet-based printing such as ink-jet printing and ultrasonic spray coating. 

To study the contamination behavior and the differences between surface modification 

techniques, we investigated the treatment times for USSC and ink-jet printing. We use 

nanodiamond (ND) particles to study the importance of the surface modification 19-21. Inadequate 

surface modification using various techniques can lead to issues such as surface roughness and 

the presence of surface residues as contamination or variations in surface energy. This leads to 

challenges such as uneven or poor layer deposition. As an example, Marangoni flows can occur 

in the case of particles like nanodiamond (ND) seeds, polystyrene nanoparticles 22 or even 

polymer films as PEIE or PEDOT:PSS for light emitting diodes23, 24. Importantly, there is a 

notable gap in the existing literature, particularly regarding the pretreatment for spray-

coated/ink-jet printed layers on glass. The existing body of research lacks comprehensive studies 

addressing the specific requirements for effective nanodiamond seeding on glass substrates, 

encompassing both pretreatment methodologies and the characteristics of spray-coated/inkjet 

printed layers. Notably, there is a scarcity of published work investigating the impact of different 

pretreatment strategies on the homogeneity, adhesion, and optical properties of resulting 

nanodiamond layers. This gap highlights the need for a thorough exploration of these crucial 

aspects to establish a more robust foundation for applications on glass substrates. Addressing this 

gap not only contributes to the advancement of fundamental understanding but also holds 

significance for practical applications, such as improving the reliability and performance of 

nanodiamond coatings.  
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The deposited ND particles in the end are grown into coatings or patterns using chemical vapor 

deposition (CVD) 25. The diamond coatings have a wide range of potential applications in fields 

such as biomedicine, optics, and electronics 26-28. To investigate how the surface modification 

affects the ND seeding by USSC and ink-jet printing, we selected UV-ozone and O2-plasma. 

UV-ozone does not require expensive vacuum pumps and is easily integrated into roll-to-roll 

production 29. UV-Ozone and O2 plasma are widely used in application-driven research but their 

exact influence on the deposition of nanoparticles on glass substrate is not described. If one 

would understand the influence of these pre-treatment techniques, the large-area deposition with 

ultrasonic spay coating, could be better optimized to reduce coffee rings and Marangoni flows15, 

22, 23. On the other hand, inkjet printing of fine lines deserves a pre-treatment of the glass to 

enhance its hydrophobicity is beneficial; this can be achieved by CF4 plasma cleaning. The same 

as for USSC, this treatment is known but the exact surface effects, taking into account the time 

of pre-treatment but also the time after pre-treatment (and before inkjet printing) is not described 

elsewhere.  

2. Materials and Methods 
2.1. Sample pre-treatment 

Fused silica substrates (Neyco, France) with a size of 13 × 13 × 1 mm³ were wet-cleaned in an 

ultrasonic bath using Branson soap (for 5 min), deionized water (5 min), acetone and isopropanol 

for 10 min each and dried with nitrogen gas flow sequentially. In total 228 samples were divided 

into three sets, each set underwent a pre-treatment of UV-ozone, O2-plasma, or CF4-plasma. 

From each set one-half was used to measure the evolution of the contact angle (CA) over time 

for UV-ozone and O2-plasma day after day for 21 days. The UV-ozone treatment was executed 

with a UV-ozone cleaner (Novascan PSD series). The CF4-treated samples were measured the 

first single day at an interval of 1 hour 10 hours. The other samples were coated with ND seeds 
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using ultrasonic spray coating or patterned with NDs using ink-jet printing at the same time 

intervals. The samples treated using CF4 plasma were ND seeded only with ink-jet printing in 

fine patterns, because due to hydrophobic surface they were not suitable for spray coating as it 

resulted in drastically not homogenous coatings. 

The plasma treatments (O2 and CF4) were performed using a home-built system 5. The vacuum 

chamber, configured horizontally, boasts a cylindrical geometry with a substantial diameter of 

40 cm and an accommodating depth of 55 cm. Within this chamber, a 4-inch black carbon stage 

is positioned at a depth of 40 cm, for the placement of samples. This carbon stage, located at a 

height of 17 cm from the chamber base. To achieve the gas discharge plasma, the samples were 

biased negatively. The base pressure in the chamber was below 1.6 × 10-3 Pa. For O2 plasma 

treatment the gas flow was 50 sccm and 200 W of power was applied for 2 min to generate the 

O2 plasma, while for CF4 plasma treatment the gas flow was 42 sccm and 300 W for 3 min was 

used. To achieve the gas discharge plasma the samples were biased negatively with 300 V and 

340 V to generate O2 and CF4 plasma, respectively. The samples were placed on a carbon stage. 

One sample group was left untreated as a reference. 

2.2. Diamond seeding 

After the modification, samples were seeded with NDs using USSC and ink-jet printing. USSC 

(Exacta Coat, Sono-Tek cooperation) utilized the impact nozzle, the substrates temperature was 

kept at 90°C throughout the experiment and sprayed upon with an aqueous seeding suspension 

with 0.05 g/l (pH = 8.0) single-digit nanodiamonds (PlasmaChem GmbH). The suspension was 

atomized at 4 W power, and the flow rate was maintained at 0.25 mL/min. The nozzle to 

substrate distance was 5 cm and the shroud gas pressure of 9 kPa. The number of spray passes 

was 160 with a path speed of 50 mm/s.  
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The ND seeding in patterns with ink-jet printing was performed with a Fujifilm Dimatix DMP 

2800 series drop-on-demand (DOD) ink-jet printer. Cartridges that eject 1 pL droplets were filled 

with a seeding solution of 55% ethylene glycol, 25% ethanol, and a 20% volume aqueous 

seeding suspension consisting of 3 g/l single-digit nano diamonds that were centrifuged at 5000 

relative centrifugal force (RCF) for 30 min to remove the bigger ND clusters. Only one nozzle of 

the cartridge was used and droplets were ejected at 1 kHz frequency using pulses of 34 V 

(waveform as depicted as in figure S1(b)). On the hotplate the samples were heated to a 

temperature of 60°C. The samples were seeded by printing ND colloid droplets in two layers. In 

one layer a distance between the droplets of 30 µm was used. In total, two layers were shifted 

5 µm to each other to print the pattern as shown in figure S1(a).  

2.3 Diamond growth 

After the seeding, nanocrystalline diamond (NCD) thin films of 200 nm were grown in the 

linear antenna microwave plasma-enhanced CVD system (LA MW PE CVD) 25. In this system, 

the generated microwaves are delivered into the chamber by two four-paired coaxial antennas in 

quartz tubes, and powered with a continuous mode operation with a total microwave power of 

5600 W. A base pressure of 0.01 Pa was used before filling the chamber with hydrogen, 

methane, and carbon dioxide gas with a gas flows of 133.5 sccm, 7.5 sccm and 9 sccm, 

respectively. During the CVD of 175 min, which resulted in a 200 nm thick NCD film, the 

substrate stage was heated to 400°C and kept at a 5 cm distance from the linear antennas. 

2.4 Characterization 

After the growth, optical microscopy images were made using a Zeiss Axiovert 40 MAT 

microscope combined with a Zeiss Axiocam 305 camera to inspect defects on a millimeter scale. 

A more detailed sub-micrometer inspection was done using the FEI Quanta 200 FEG scanning 

electron microscope (SEM).  
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Half of the samples were not seeded and were examined for contamination by measuring the 

contact angle (CA). The CA were evaluated by the sessile drop technique using an OCA 35, 

from DataPhysics Instruments, setting 0.5 μL droplets in four different location of each sample 

(Figure S7). The median value of these four different measurements was taken to reduce the 

effect of outliers The sample roughness was evaluated with an atomic force microscopy (AFM) 

Bruker Multimode 8 in tapping mode and a JPK-Bruker NanoWizard 3 AFM system. The X-ray 

Photoelectron Spectroscopy (XPS) analysis was conducted using a Physical Electronics PHI-

5600LS electron spectrometer. Al-k alpha photons (1486.6 eV) from a monochromator system 

with a 1 mm spot size were utilized for the acquisition of survey and core-level spectra. The 

energy resolution of the spectrometer for core-level spectra was configured to 0.36 eV FWHM, 

encompassing both photon and electron contributions. Core-level spectral deconvolution was 

conducted using CasaXPS software, utilizing either Shirley or linear backgrounds. The analytical 

approach involved a numerical least-squares fitting process, aligning with Wertheim's method30. 

To address surface charging, charge compensation was facilitated using a Kimball Physics Inc. 

ELG-2 electron gun, setting the C 1s peak at 284.6 eV.  

3. Results and discussions 
3.1 Surface morphology 

The surface root mean-square roughness (Rq) of the fused silica samples is shown in 

Figure 1(a) for the different treatments.  

After the UV-ozone surface treatment, the surface roughness was reduced to (bare glass 

substrate with Rq of (1.3 ± 0.2) nm). By increasing the treatment time from 15 min to 60 min the 

surface was smoothed from (1.1 ± 0.1) nm to (0.7 ± 0.1) nm. A longer treatment time of 120 min 

etched deeper with increase of surface roughness to an average of (0.9 ± 0.1) nm. The UV-ozone 
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treatment roughens the surface linearly by (0.2±0.01 nm/h) after reaching the minimum 

roughness, indicating that at this point, all contaminations have been successfully etched away. 

Beyond this point, the etching process exclusively affects the glass(Figure S4). Etching occurs as 

a result of chemical reactions between oxygen radicals and the substrate 16. The gas discharge 

plasma is more reactive. The samples were significant roughened to (3.3 ± 0.2) nm and 

(11.1 ± 0.3) nm Rq respectively for O2 and CF4 plasma.  

3.2 Evolution of the contact angle and the surface wetting.  

The surface contamination over time is investigated measuring the CA after the treatment after 

various time periods on UV-ozone, O2, and CF4 plasma treated samples.  
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Fig. 1: (a) Surface roughness measured after different treatments with O2, CF4 plasma, 0, 15, 30, 60, and 

120 min UV-ozone. (b) reference sample without treatment, (c) 60 min, and (d)120 min UV- ozone 

treatment. By having different etching rates or treatment times different roughness’s can be achieved. (e) 

Evolution of CA after the UV-ozone pre-treatment for times of 0, 15,30, 60 and 120 min in fitted lines out 

of the data. The evolution of contact angles measured on (f) 15 min, and (g) 120 min treated samples.  
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The CA of an untreated sample is (30.6 ± 0.05) (Fig. 2). UV-ozone treatment makes the 

surface hydrophilic, but the duration of the treatment affects the amount of removed hydrocarbon 

contamination (Table S1). Clear differences between the treatment times can be seen in the fitted 

data (Fig. 1 (e)). The longer the treatment time, the lower the CA and also the higher the 

roughness (Fig. 1 (b-d)) (Figure S3). Observed results over 21 days shows that the CA increases 

over time due airborne hydrocarbon contamination (Fig. 2 (d), Table S1), and the spread in CA is 

smaller for the 120 min treated samples (Fig. 1 (g)). The saturation CA varies between the 

samples, with the longest treatment time (120 minutes) resulting in the lowest CA of 

(10.0 ± 1.7 ) and the least variation over the measured time of 21 days, Fig. 1 (f) and Fig. 11 (g). 

The saturation CA for 15, 30, and 60 minutes of treatment are (27 ± 1.9°), (11.1  ± 1.6), and 

(9.4 ±3.4°) degrees Fig. 1 (e) (Figure S1), respectively. Therefore, it is recommended to use 

treatment times of 60 or 120 minutes for most consistency. 
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Fig. 2: Evolution of CA (a) after no, O2- , and CF4- plasma treatment, (b) the evolution of the contact 

angle of CF4-plasma treated samples in logarithmic scale in a timeframe zoomed in to 1 day and (c) and 

(d) present the XPS C 1s and F 1s core-level spectra for samples subjected to wet cleaning, 60’ UV-

ozone, O2-plasma, and CF4-plasma treatments. Notably, the samples treated with CF4 plasma were 

exposed to air for varying durations—1 week, 2 hours, and 5 minutes. These plots highlight the dynamic 
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changes in fluorine and carbon content under different treatment conditions, revealing crucial details 

about their chemical evolution over time. 

The Contact Angle (CA) measurements for O2 plasma-treated samples display a smaller average 

standard deviation (1.6°) compared to those treated with UV-ozone (1.9°). Initially hydrophilic 

(CA < 4°), the O2 plasma-treated samples undergo a marked transition to hydrophobicity within 

3 to 4 days, as illustrated in Fig. 2 (a). This change, characterized by a sharp increase in CA, is 

attributed to airborne hydrocarbon contamination, detailed in Fig. 2 (d). After 19 days, the CA 

reaches (39.5  ± 1.8)°. 

In contrast, CF4 plasma-treated samples exhibit initial hydrophobicity with a CA of 51.8° ± 1.1° 

(Fig. 2 (b)). However, within 10 hours, these surfaces become more hydrophilic (14.4° ± 1.7°), a 

change due to the oxidation-induced removal of most fluorine atoms, as evidenced by the rapid 

decline in CA within the first 24 hours (Fig. 2 (c)). This trend confirms the fast or easy 

removal/oxidation 31 of the thin fluorine-terminated film formed during CF4 plasma treatment, as 

shown in Figure S8. XPS analysis further reveals that the initial water contact angle on freshly 

CF4-terminated substrates is about 51°, correlating with a limited fluorine coverage of 18.4% 

(Table S1). This effect is largely due to the high oxygen content in the fused silica glass (Fig. 2 

(b)). Notably, on fused silica glass substrates, a time-dependent reduction in fluorine content was 

observed. After 2 hours, the fluorine content decreased to 8.47%. Simultaneously, a notable 

presence of 4.60% carbon was detected after one week, indicating hydrocarbon contamination of 

the surface (Fig. 2 (d), Table S1). These findings underscore the dynamic evolution of surface 

properties over time, influenced by substrate composition and environmental factors. The 

observed changes in fluorine and carbon content contribute valuable insights into the temporal 

behavior of surface characteristics. Due to the increase of airborne hydrocarbon contamination 
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after 2 days, the CA starts to increase further, similar to the UV ozone and O2 plasma treated 

samples. The hydrophobic behavior after the CF4 termination is ideal for patterning with ink-jet 

printing where more hydrophobic surfaces are required. In contrast, it takes 20 days for O2 

plasma to achieve a higher CA. To avoid this long waiting times, no surface treatment is not an 

option, because it results in a surface with remained inhomogeneous contaminations. For this 

reason, CF4 plasma surface termination is highly interesting for fine-line printing as it achieves 

higher CA immediately after the surface treatment. 

3.3 ND seeding by ink-jet printing 

At the time interval of one day after the UV-Ozone and the O2 plasma treatment, the ND 

seeding on the samples was done using ink-jet printing.  

To evaluate the resolution, edge conformity and the ND seeds flow behavior, the NCD thin 

films (200 nm) (Fig. 3) were grown over the comb pattern printed by ink-jet printer. The comb 

pattern consisted of lines with decreasing spacing from 140 µm to 20 µm in 20 µm steps, which 

allowed for an assessment of the precision in line spacing at different values. 

± 2.1

400 µm

CA: 5.7 ± 0.6°

4 days after modification 6 days after modification 18 days after modification

UV-Ozone

modification

O2-plasma

modification

CA: 3.5 ± 2.1°

CA: 7 ± 0.8°

CA: 10.2 ± 3.0°

CA: 12.2 ± 1.3°

CA: 35.1 ± 1.5°

 

Fig. 3: Illustration of an ink-jet printed comb pattern, printed horizontally from right to left. The 

presented results correspond to samples subjected to 30’ UV-Ozone and O2 plasma treatments, with 
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observations taken at time intervals of 4, 6, and 18 days. These specific time points were selected to 

capture transitional moment. 

Ink-jet printing on hydrophilic surfaces results in outflow of the ink and an undesirable pattern 

or surface (Figure S5) is achieved. This still happens with a contact angles of 5.7±0.6°° on 

samples that were kept in ambient conditions for 4 days. Samples kept in ambient for 6 days after 

30’ UV-ozone and O2-plasma treatment the outflow is even reduced after 18 days due to the 

further increase in CA. Using O2-plasma, sharper lines were achieved, e.g. The lines with an 

intermediate distance of 40 µm did not merge on the sample with CA of 35.1±1.5°, which is due 

to the higher roughness of the surface. 

Using UV-ozone or O2-plasma, CA of 9° are required (waiting times of at least 6 days) to 

avoid outflow of the ink. With CF4-plasma, hydrophobic surfaces are achieved directly after the 

surface treatment (Fig. 2).  

The maximum printing resolution achievable depends on the ability to control the droplet 

spreading and contact angle of the printed droplet after coalescence. 14, 32. Therefore, single 

droplets were printed, and spreading and flow behavior inside the deposited droplet was 

evaluated (Fig. 4). With controlling the spreading and contact angle of the printed droplet, the 

final droplet size can be adjusted. The homogeneity of ND seed deposition can be adjusted by 

controlling the flow behavior inside the droplet, ranging from deposition of ND seeds in a ring to 

fully covered circles. 

Page 15 of 25

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

15 

10 100 1000 10000

30

35

40

45

50

55

D
ia

m
e

te
r 

(µ
m

)

Time after pre-treatmentt (min)

CF4-plasma

0.1 10
Time after pre-treatment (days)

30

35

40

45

50

55

60

D
ia

m
e

te
r 

(µ
m

)

5 10 15 20 25

Time after-pretreatment (days)

02-plasma

a) b) c)

d) e) f)

57 µm

6 days after O2 treatment

20 min after CF4 treatment

18 days after O2 treatment

3 days after CF4 treatment

31 µm

42 µm

51 µm

20 µm

 

Fig. 4: The evolution of the diameter of multiple ink-jet-printed droplets as a function of the time after (a) 

O2 plasma and (d) CF4 plasma pre-treatment. The resulting droplet after 6 days (b), and 18 days (c) for 

O2 plasma. 20 min (e) and 3 days (f) for CF4 plasma. 

Using CF4, high resolution patterns can be achieved directly. This makes CF4 plasma fast and 

interesting for in line productions in the industry. Moreover, samples should be printed within 

2 h, to still profit from the hydrophobic like nature of the CF4 plasma treatment with a CA higher 

than CA of the untreated glass. This all results in the fact that the single deposited droplet size 

can be regulated by varying the time between treatment and printing because of the change of 

CA. An increase of droplet diameter is observed starting with a diameter of 31 ± 1 µm after 

20 min using the CF4 plasma treatment. With more hydrophobic surfaces, even smaller deposited 

droplet sizes can be achieved. When higher printing CA are used, the nano diamond seeds can 

exhibit capillary-driven flow behavior during the printing process, resulting in the formation of a 
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coffee ring pattern6. This pattern causes the seeds to accumulate more densely at the edges of the 

ring, while the center of the ring has a sparser distribution of seeds (Fig. 4). Therefore, the CA 

plays a significant role in determining the quality and uniformity of the resulting diamond film. 

However, to achieve homogeneous surfaces the tendency of more hydrophilic surface are 

desired, which is the trade-off between homogeneous coverage and high resolution patterning. 

3.4 ND seeding by ultrasonic spray coating 

USSC seeded samples were evaluated after NCD growth. The homogeneity of the surfaces 

were evaluated using the micrographics obtained by SEM (Figure S6) and an optical microscope 

(Fig. 5). This evaluation was performed on samples seeded with different time intervals after the 

treatment using UV-ozone and O2 plasma.  

a) UV-ozone seeded after 3 days

CA: 6 °

a) UV-ozone 

CA: 5.0 ± 0.5°  
b) UV-ozone 

CA: 9.1 ± 1.0 °

c) UV-ozone 

CA: 12.5 ± 1.3 °

d) O2-plasma 

CA: 1.5 ± 1.9°

e) O2-plasma

CA: 29.5 ± 0.6°

f) O2-plasma 

CA: 35.9 ± 1.9°

 

Fig. 5: Optical microscope images of samples with a grown NCD film. The samples were cleaned with 

30’ UV-ozone (a), (b), (c) and O2-plamsa (d), (e), (f) and seeded afterwards using USSC with a time in 

between of 3,10, and 19 days respectively the cleaning and the seeding. 

The difference between 30’ UV-ozone and O2-plasma was clearly visible in Fig. 5. Both gave 

good results when the USSC coating was performed between 0 and 6 days after the pre-treatment 

(Fig. 5(a) and 5(d)). However, seeding after 19 days on O2 plasma treated samples resulted in a 
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pronounced inhomogeneous NCD film homogeneity (Fig. 5 (f)). Due to the lower CA, this effect 

is less pronounced for the UV-ozone treated samples (Fig. 5 (c)).  

3.5 Printing operation space 

The findings on contamination together with the experiments on printability of ND seeds are 

mapped in a designed printing operation space in Fig. 6 using ink-jet printing and USSC in 

different time frames between the printing and surface modification.  

0 10 20
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15

20

25

30

35

40

45

50

55
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UV-O3 30'

UV-O3 120'
UV-O3 60'
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Fig. 6: Printing operation space for (a) UV-ozone and O2-plasma and (b) for ink-jet printing on CF4 

plasma treated samples with their airborne contamination. 

With USSC homogeneous surface coverage is desired. A substrate with as high as possible 

surface energy is advised. Therefore, it is optimal to print directly after the treatment of UV-

ozone or O2-plasma resulting in an operation space of 0 to 6 days (Fig. 6). Using ink-jet printing 

three different operation spaces where defined, one for each surface treatment technique. Using 

UV-ozone treatment, printing has to be executed in a timeframe of 4 to 16 days after the 

treatment. O2-plasma cleaned samples need to be printed between 7 and 16 days after cleaning. 

For CF4-plasma shorter waiting times are required, the samples have to be printed within 2 h. 

With reduced surface energy, high printing resolution can be achieved. When, with ink-jet 
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printing, homogeneous coverage of full surfaces is needed, one needs hydrophilic like surfaces in 

order to reduce the capillary driven flow behavior. For this, one can shift operation window to 

shorter times for UV-ozone and O2-plasma modification. Resulting that, varying the times 

between surface modification and printing for UV-ozone, O2 and CF4 plasma terminated surfaces 

the resolution and the homogeneity of the print can be controlled with the mapped airborne 

contamination. 

4 Conclusions 
This study investigated how (i) different techniques for surface treatment affect the 

printability, (ii) airborne hydrocarbon contamination and other contaminants affect the surface 

over time. This directly influence the homogeneity of the print. Morphological differences were 

observed with UV-ozone, the treatment time has a significant influence on the final results. The 

UV-ozone gently etches the fused silica over time, resulting in higher roughness with over longer 

treatment times. The 15 min treatment time is too short, because the spread of contact angle 

values is significantly larger after 15 min treatment than after 60 min and 120 min treatment. 

Due the narrower spread of contact angle values already for a 60 min treatment, and the mild 

airborne hydrocarbon contamination rate, the 60 min UV-ozone treatment of fused silica is 

concluded to be optimal for nanodiamond seeding.  

The reactive plasma O2 and CF4 plasma treatment, result in rougher surfaces with Rq of 

(3.3 ± 0.2) nm and (11.1 ± 0.3) nm respectively, due to the higher etching rate than in the case of 

UV-ozone treatment. Using O2-plasma, because of the higher induced roughness, the final 

contact angle will be more hydrophobic-like with 35.9±1.9°° contact angle compared to the 30.6 

± 0.05 of the untreated surfaces. Due to the reactive treatment, the average spread of contact 
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angles is smaller (1.6°) than in the case of UV-ozone (1.9°) treated samples. Moreover, the 

surface stayed remained hydrophilic up to 3 days (CA < 4°). 

CF4-plasma treatment is concluded as a solution for ink-jet printing where hydrophobic 

surfaces are required for high-resolution printing. CA of 51.8±1.1° on fused silica was achieved 

due to the thin fluorocarbon film formation on the surface. High-resolution patterns with drop 

size diameters to 30 µm were demonstrated. On fused silica, only a thin film of fluorocarbon is 

created by CF4 treatment, which quickly decays and thus hydrophobicity is lost within one day. 

In contrast after UV-ozone and O2-plasma treatment one needs to wait several days before 

printing in order to achieve compatible results. However, this route is not reliable as it is difficult 

to control the rate of hydrocarbon contamination, which may depend on ambient conditions. 

Contrary if smooth homogeneous full layer coverages are desired with ND seed using USSC, 

UV-ozone and O2-plasma are the best solutions. 

One can conclude that UV-ozone and plasma modification are both methods to improve the 

wetting behavior of a liquid onto the surface of a substrate for printing. 

The shown operation space in this work establishes the correlation between the different surface 

modification techniques in roughness and contact angles along with the printability and is 

therefore a powerful guideline and operation space for the right modification and optimized 

waiting times between modification and printing which can be used for full coatings or fine line 

patterning.  
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