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Current bronchoscopes suffer from fogging and the adhesion of mucus plugs to the lens. A 
doped diamond-like carbon film was developed as a possible solution to this problem. A silicon 
monoxide dopant was found to produce a film that was transparent, hydrophilic and stable in 
simulated body fluid (SBF) and therefore showed potential as an antifogging coating. The film was 
deposited by pulsed laser deposition and characterised by Raman spectroscopy, atomic force 
microscopy, spectrophotometry and contact angle measurements. Root mean square surface 
roughness was found to be ,1 nm. The unique characteristics of these films include production 
without secondary processing, a lowest contact angle of 25u and stability in SBF for several 
months combined with transparency. 
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Introduction 
When optical windows move from a cold to a warm 
environment, water tends to condense on the surface, 
causing the window to fog over, greatly reducing visibility. 
This is problematic for medical instruments, such as the 
bronchoscope, which suffer from fogging and the adhesion 
of mucus plugs to the lens. Current antifogging lenses use a 
surfactant to reduce the surface tension of the liquid on the 
lens. The water spreads out evenly instead of beading up, 
letting light pass through without scattering, which allows 
the lens to be transparent. The major drawback to this 
approach is that the effects are not permanent and the 
surfactant must be reapplied periodically. An improve
ment would be to apply a permanent hydrophilic coating 
to the surface of the lens. 

The contact angle of water on a solid surface is related 
to the surface energy of the material. High surface 
energy materials such as metals and ceramics are 
hydrophilic and achieve a much higher degree of wetting 
than low surface energy materials such as polymers. 
Surface energy is given by the following equation 

d p h c~c zc zc (1) 

where c is the surface energy, d is the dispersive force, p 
is the polar force and h is the hydrogen bonding.1,2 

Diamond-like carbon (DLC) films are versatile and 
biocompatible3,4 and can be doped to modify their 
properties.5–9 Some dopants, such as nitrogen, oxygen 
and fluorine, can increase surface energy due to their 

bonds.6,10,11 capability to form hydrogen Potential 
dopants in this work had to meet criteria pertaining to 
insertion into the human body, as well as being capable 
of incorporation into a pulsed laser deposition (PLD) 
ablation target. 
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Titanium dioxide and silicon monoxide doped DLCs 
on fused silica substrates were evaluated as potential 
biocompatible antifog coatings. The films were char
acterised by Raman spectroscopy, atomic force micro
scopy (AFM), spectrophotometry and contact angle 
measurements. The stability of the films was tested in 
simulated body fluid (SBF). 

Experimental 
The films were deposited on fused silica (University 
Wafer, UV grade) 25?4 mm square substrates of 500 mm 
thickness. The substrates were ultrasonically cleaned in 
acetone (Alfa Aesar, assay 99?5%) and methanol (Fisher 
Chemical, assay >99?8%) in separate steps followed by a 
2 min dip in piranha solution that consisted of a 1 : 1 
volume ratio of H2SO4 (Acros Organics, 95% solution in 
H2O) and H2O2 (Kor-Chem, Inc., 35 wt-% in H2O). 
Rinsing with ultrapure water and drying with com
pressed argon were performed after each step. 

The DLC films were deposited with the PLD system 
(shown in Fig. 1) using a 193 nm ArF excimer laser 
having a repetition rate of 50 Hz and a pulse length of 
15 ns. The laser pulse energy was 4?0 mJ, creating a 
fluence of 3?1¡0?2 J cm–2 when focused on an area of 
the target measuring 0?13 mm2; the target was rotated 
and translated during deposition. The vacuum chamber 
pressure was 1?061026 torr or lower. 

For dopant incorporation into the DLC, multi-
component targets comprised of graphite (Poco Gra
phite, Inc., semiconductor grade, TRA-1) and the 
desired doping material, SiO (Kurt J. Lesker Co., 
99?9% pure) or TiO2 (Kurt J. Lesker Co., 99?9% pure), 
were used. A 50?8 mm diameter graphite target with a 
90u cut-out was paired with a wedge shaped piece of the 
desired doping material and a wedge shaped graphite 
spacer (see Fig. 2). For the undoped film, a solid 360u 
graphite target was used. Deposition time was 4 h for 
the doped samples and 15 min for the undoped sample, 
as longer times caused delamination due to residual 
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1 Schematic of deposition system 

stresses. The substrate temperature for all depositions 
was 19¡2uC. 

Film thickness was measured using an optical profil
ometer, which was a Phase Shift Technology Micro-
XAM surface mapping microscope (Tucson, AZ) con
nected to a personal computer with MapVue AE 1?24?1 
software. Measurements were made at a minimum of two 
locations per sample. 

Raman spectroscopy was performed on all samples 
using a Renishaw inVia Raman microscope (New Mills, 
Wotton-under-Edge, Gloucestershire, UK). The laser 
was focused through a 650 lens and had a power of 
4 mW. The laser wavelength was 633 nm. Acquisition 
was for 10 s, with ten accumulations at each location 
measured. 

Simulated body fluid, which has ion concentrations 
similar to that found in human blood plasma, was 
prepared as described by Cho et al.12 Samples were 
immersed in vials containing SBF and incubated at 36?5uC 
using a temperature controlled water bath. After varying 
intervals of time, the samples were removed and photo
graphed microscopically. The samples were then placed in 
fresh SBF and returned to the 36?5uC environment. 

Topography of the samples was measured using a 
VEECO Nanoscope V atomic force microscope 
(Plainview, NY). The system was equipped with a 
nitrogen gas vibration isolation stage and an acoustic/ 
Faraday cover. The AFM was also equipped with a 
Nanoscope V controller and a computer with Nano
scope 7?30 software. All images were taken under ambient 
conditions using silicon tips in tapping mode. Analysis 
was performed using WSxM 4?0 Beta 2?0 software.13 

2 Schematic of target holder with dopant wedge installed 

The contact angle of water was measured using a Krüss  
DSA20E Easy Drop Standard with a software controlled 
dosing system (Hamburg, Germany). Measurements 
were made at five locations per sample using the sessile 
drop method with a drop size of 2 mL. The average 
contact angle for each film was determined along with the 
standard error. 

Spectrophotometry data were obtained by using a 
GenTech Scientific TU-1901 double beam ultraviolet/ 
visible light spectrophotometer equipped with UVWin5?0 
analysis software (Arcade, NY). The transparency of 
DLC on fused silica substrates was measured between 190 
and 900 nm at 1?0 nm intervals. The attenuation effects 
of the substrate were subtracted from the transmittance 
plots using a bare fused silica substrate as reference 
during the measurements. 

Results and discussion 
The thickness and growth rate results for the DLC films 
produced are shown in Table 1. The addition of the 
dopant material led to a reduction of residual stresses 
typically found in DLC films and allowed for thicker 
films to be produced without delamination. The doped 
films have a much lower growth rate than the undoped 
film; the addition of dopant material appears to dras
tically impede the growth rate of the films. However, 
there is no clear relationship between the dopant level 
and the film growth rate. 

Dopants not only change the composition of the films 
but may also alter the nature of the carbon bonding 
within. The Raman spectrum for DLC films can be 
deconvoluted into two Gaussian peaks known as D peak 
and G peak, which are located at approximately 1350 
and 1580 cm21 respectively, when excited by visible 

Table 1 Film thickness and deposition rate for doped and undoped DLC films 

Sample PLD # Dopant Wedge size/u Deposition time/min Thickness/nm Deposition rate/nm min–1 

57 TiO2 30 240 165¡13 0.69¡0.06 
59 TiO2 35 240 146¡10 0.61¡0.04 
56 TiO2 40 240 169¡13 0.70¡0.06 
60 TiO2 45 240 194¡7 0.81¡0.03 
55 TiO2 50 240 187¡5 0.78¡0.03 
58 TiO2 55 240 146¡14 0.61¡0.06 
63 SiO 30 240 191¡13 0.80¡0.05 
59 SiO 35 240 158¡11 0.66¡0.05 
62 SiO 40 240 179¡4 0.75¡0.02 
60 SiO 45 240 217¡7 0.90¡0.03 
66 SiO 50 240 114¡9 0.47¡0.04 
64 SiO 55 240 119¡10 0.50¡0.04 
42 None n/a 15 27¡1 1.8¡0.1 
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3 Raman spectra of DLC films produced with varying 
amounts of titanium dioxide dopant 

5	 Relationship between silicon monoxide dopant wedge 
and G peak position in Raman spectra of silicon mon

oxide doped films 

4 Raman spectra of DLC films produced with varying 
amounts of silicon monoxide dopant 

light.14 The relative intensity of these peaks (ID/IG) and 
the full width half maximum and position of the G peak 
are thought to give insight to the sp 3/sp 2 ratio of hybrid 
bonding in DLC films. It has been demonstrated that 
increased full width half maximum of the G peak and 
decreased G peak position and ID/IG ratios are 
indicative of an increased sp 3/sp 2 bonding ratio within 
undoped DLC films. 

The Raman spectra for titanium dioxide doped DLC 
films are shown in Fig. 3. Deconvolution of the spectra 
yields the peak characteristics shown in Table 2. There 
appears to be little change in peak characteristics with 
increasing amounts of dopant. The films all have lower 
G peak positions, larger ratios of intensity between the 

6	 Optical micrograph of silicon monoxide doped DLC 
film, PLD #61, before soaking and after 42 weeks of 
immersion in SBF 

D and G peaks and narrower G peak widths than the 
undoped DLC film (PLD #42) made under similar 
conditions. These differences, though, are slight. 

For silicon monoxide doped DLC, the Raman spectra 
for the films are shown in Fig. 4. The peak character
istics are also shown in Table 2. The only relationship 
revealed is that between dopant content and G peak 
position, as shown in Fig. 5. The decreasing G peak 
position may be indicative of an increased sp 3/sp 2 

bonding ratio and increased diamond-like character. 
For use on bronchoscope lenses, the films should 

remain biocompatible after doping and be stable within 
the human body. In vitro testing in SBF provides a 
straightforward way to determine the stability of the 
films. Sample PLD #61, a silicon monoxide doped DLC 
film, is shown in Fig. 6 after 42 weeks of soaking in 
SBF. No significant change was observed in the film, 
even at an interface between the DLC and fused silica 
exposed by a scribe mark that was made before soaking 
began. Any anomalies seen were attributed to handling 

Table 2 Raman spectra characteristics for doped and undoped DLC films 

Sample PLD # Dopant Wedge/u G peak position ID/IG Full width half maximum G peak 

57 TiO2 30 1527.9¡0.3 0.85¡0.01 201.8¡1.5 
59 TiO2 35 1529.2¡0.6 1.04¡0.04 213.5¡4.0 
56 TiO2 40 1529.2¡0.3 0.97¡0.01 187.0¡1.3 
60 TiO2 45 1527.7¡0.3 0.88¡0.01 201.1¡1.4 
55 TiO2 50 1530.6¡0.3 0.96¡0.01 184.0¡1.2 
58 TiO2 55 1530.1¡0.3 1.02¡0.03 209.4¡2.8 
63 SiO 30 1502.4¡1.9 0.48¡0.02 220.0¡4.1 
59 SiO 35 1492.7¡4.6 0.43¡0.03 206.3¡8.2 
62 SiO 40 1485.1¡1.4 0.44¡0.01 229.5¡3.8 
60 SiO 45 1481.1¡0.9 0.77¡0.02 209.4¡2.8 
66 SiO 50 1474.7¡1.9 0.40¡0.01 224.2¡4.0 
64 SiO 55 1475.4¡2.4 0.40¡0.02 219.1¡5.0 
42 None n/a 1537.0¡0.9 0.77¡0.04 218.4¡5.5 
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7	 Images (AFM) of a PLD #60, DLC doped with titanium 
dioxide, b PLD #63, DLC doped with silicon monoxide, c 
PLD #42, undoped DLC and d bare fused silica substrate 

damage. Films of DLC with titanium dioxide were not 
stable and delaminated over time while soaking. 

Roughness can affect the contact angle, so it must be 
considered when evaluating a film to be used as an 
antifogging coating.15 Therefore, AFM measurements 
were made for the doped DLC films (see Fig. 7). 
Striations can be seen across the films’ surfaces, similar 
to those found on bare fused silica substrates. This 
similarity indicates that the roughness of the underlying 
substrate influences the roughness of the surface of the 
films. Although not ideal, some general information can 
still be obtained regarding the surface characteristics of 
the films. The surface roughness values for the doped 
films are shown in Fig. 8. They have surface roughness 
values similar to that of undoped film PLD #42, which 
has a root mean square roughness of 0?52 nm. Any 
changes in the contact angle found with the addition of 
dopants are likely to be due to only changes in the 
surface energy because of the similarity in the surface 
roughness values for both doped and undoped films. 

Small particulates can be seen in the AFM images of 
the titanium dioxide doped films. These particulates may 
have been created as a result of the ablation process and 

8	 Root mean square roughness for DLC films doped with 
titanium dioxide and silicon monoxide as function of 
dopant wedge size 

9 Contact angle as function of dopant wedge size for 
titanium dioxide and silicon monoxide doped DLC films 

give indication that the films are not homogeneous in the 
submicrometre scale. 

The AFM results for the silicon monoxide doped films 
show surfaces that are generally free of particulates on a 
nanometre scale. This indicates that the DLC matrix was 
formed on the subatomic, atomic or molecular scale from 
electrons, atoms, ions and/or molecules contained within 
the ablation plume, created from the carbon and silicon 
monoxide composite target. Because the rotating target 
had two chemically distinct regions, the composition 
of the ablation plume periodically alternated between 
the carbon, silicon and oxygen species, which bonded 
covalently to the fused silica substrate and subsequent 
growth layers. Because the films possess striations similar 
to the uncoated substrate, the films are thought to have 
formed through layer by layer growth. 

The results, pertaining to the contact angle, of doping 
DLC with titanium dioxide can be seen in Fig. 9. They 
are similar to that of the undoped film PLD #42, which 
has a contact angle of 76?9u. Furthermore, there is no 
pattern of increasing or decreasing contact angle with 
increased dopant. It is therefore concluded that the 
addition of titanium dioxide has no effect on the contact 
angle for DLC films, and the dopant is not useful for the 
proposed purpose. 

The addition of silicon monoxide dopant into DLC 
films had a marked effect on the contact angle, as shown 
in Fig. 9. Diamond-like carbon film sample PLD #64, 
with a 55u silicon monoxide dopant wedge, achieved a 
very small hydrophilic contact angle of 25u, much lower  
than previously quoted values.16 It should be noted that 
the contact angle decreases with increasing silicon mono
xide dopant content. This trend suggests that further 
increasing the silicon monoxide doping could produce 
even lower contact angles. 

The contact angle measurements for the samples were 
performed .2 weeks after their synthesis. During this 
time, the samples were exposed intermittently to ambient 
air, indicating that the hydrophilic nature of the samples 
is not short lived. Future studies will include periodic 
retesting of the samples to determine the permanency of 
their hydrophilic nature. 

Measuring the contact angle of other probe liquids, in 
addition to water, on both doped and undoped film 
surfaces would be beneficial. These measurements using 
multiple probe liquids would allow the surface energy of 
the film to be calculated.17 

The DLC films doped with silicon monoxide, a 
blackish brown amorphous material, block the trans
mission of far ultraviolet light, as shown in Fig. 10, but 
transmit quite well in the far infrared. 
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10 Transmittance of DLC films made with varying amounts 
of silicon monoxide dopant 

Conclusion 
The DLC films produced with titanium dioxide dopant 
did not demonstrate a significant decrease in contact 
angle and do not warrant further research for antifog
ging applications. 

Doping DLC films with silicon monoxide led to a 
marked decrease in contact angle of water on the films, 
producing angles as low as 25u. The data suggest that 
further reduction in contact angle may be possible with 
increased silicon monoxide dopant. The results indicate 
that DLC films doped with silicon monoxide show 
potential for use in antifogging applications, such as 
bronchoscope lenses, due to their transparency, stability 
and low contact angle. 
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