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Abstract In this paper, the growth of polycrystalline

chemical vapour deposition (CVD) diamond thin films on

fused silica optical fibres has been investigated. The

research results show that the effective substrate seeding

process can lower defect nucleation, and it simultaneously

increases surface encapsulation. However, the growth

process on glass requires high seeding density. The effects

of suspension type and ultrasonic power were the specific

objects of investigation. In order to increase the diamond

density, glass substrates were seeded using a high-power

sonication process. The highest applied power of sonotrode

reached 72 W during the performed experiments. The two,

most common diamond seeding suspensions were used, i.e.

detonation nanodiamond dispersed in (a) dimethyl sulfox-

ide and (b) deionised water. The CVD diamond nucleation

and growth processes were performed using microwave

plasma assisted chemical vapour deposition system. Next,

the seeding efficiency was determined and compared using

the numerical analysis of scanning electron microscopy

images. The molecular composition of nucleated diamond

was examined with micro-Raman spectroscopy. The sp3/

sp2 band ratio was calculated using Raman spectra

deconvolution method. Thickness, roughness, and optical

properties of the nanodiamond films in UV–vis wavelength

range were investigated by means of spectroscopic ellips-

ometry. It has been demonstrated that the high-power

sonication process can improve the seeding efficiency on

glass substrates. However, it can also cause significant

erosion defects at the fibre surface. We believe that the

proposed growth method can be effectively applied to

manufacture the novel optical fibre sensors. Due to high

chemical and mechanical resistance of CVD diamond

films, deposition of such films on the sensors is highly

desirable. This method enables omitting the deposition of

an additional adhesion interlayer at the glass–nanocrystal-

line interface, and thus potentially increases transmittance

of the optical system.

1 Introduction

Due to a number of advantages, such as light weight, small

size, large bandwidth, and resistance to electromagnetic

field, optical fibres have found applications not only in

telecommunication, but also in sensing [1]. The optical

fibre sensors are used to measure with a great accuracy

pressure [2], mechanical deformation [3], temperature [4]

as well as concentration of gases [5], and composition of

liquids [6]. However, under harsh environmental condi-

tions, the use of silica glass fibres is difficult due to their

poor resistance to mechanical impact and aggressive

chemical influences. It has been reported that the applica-

tion of diamond coating on fused silica optical fibres

increases the Young modulus [7] and slightly decreases

stress voids on the coating surface, especially at the
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80-233 Gdańsk, Poland

e-mail: rbogdan@eti.pg.gda.pl
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beginning of film growth [8]. Moreover, diamond films have

one more great advantage, namely, they are optically trans-

parent in a wide spectral range. Optical absorption in the

range between 300 and 1,100 nm highly depends on defect

density, chemical composition, doping level, the film thick-

ness, and the grain size [9]. Developing diamond films that

display good adhesion to the optical fibre’s surface will allow

for designing a new type of optical sensors. The novel sensors

will offer improved mechanical and chemical durability as

well as increased sensitivity [10]. Deposition of uniform thin

films, entirely coating the glass fibres, is one of the biggest

challenges. Moreover, the cylindrical shape of fibres, which is

not compatible with deposition systems designed for flat

substrates, and poor adhesion of the carbon-based films to

fused silica [11] make the deposition of high-quality diamond

films on optical fibres difficult. May et al. [12] demonstrated

that it is possible to deposit highly resistive diamond on

optical fibres. Also, the attempts to coat fused silica fibres

with diamond or other carbon-based material have been

reported. These materials have improved mechanical prop-

erties [8, 12, 13] and the fibre’s resistance to high tempera-

tures [7]. Moreover, Alberto et al. [13] have demonstrated

that the diamond-coated fibre Bragg gratings (FBGs) exhibit

improved stability to thermal annealing and mechanical

deformation, and thus can be used as sensing element in harsh

environment.

In the case of DLC layers, it is well-known that the

substrate influences the film’s optical properties [14]. In

addition, the possibility of coating fused silica glass fibres

with DLC was investigated [14]. When applied in sensing,

the DLC-coated device shows fast response to variations in

the concentration of chemical solution, e.g. ethylene gly-

col, human urine or sucrose [10].

Spectroscopic ellipsometry measurements have shown

that the deposited carbon layers can be modelled using a

multilayer corresponding to microstructural character of

the layers [15–18]. Gupta et al. reported on the optical

properties of thin diamond layers [19–21] and other types

of carbon layers [22, 23]. The work of Hu et al. demon-

strated that the optical properties of nanocrystalline (NCD)

layers strongly depend on deposition temperature [15, 24].

Diamond seeding of the substrate, which is required for

depositing high-quality diamond films, can be performed

with a number of methods [25]. The most commonly

applied methods include covering the substrate with dia-

mond slurry and treating it ultrasonically [26, 27], coating

substrates with carbon materials [28], using the interlayer

containing nanodiamond [29, 30], and mechanical polish-

ing of the substrate with diamond powder [31, 32]. Ma

et al. observed the loss of transmittance due to the

mechanical scratching of glass [16]. The processes of

diamond deposition on quartz substrate and monocrystal-

line silicon have been compared by Daenen et al; the

authors used Ti interlayer for seeding and adhesion

improvement [17]. In our work, we decided to omit the

deposition of an additional adhesion interlayer, and thus

potentially increase transmittance of the optical system.

To the best of our knowledge, the effect of high-power

sonication seeding and the use of nanodiamond slurries on

the structural and optical properties of chemical vapour

deposited (CVD) diamond grown on fused silica optical

fibres has not yet been reported. In this paper, we discuss

the growth of microcrystalline (MCD) and NCD diamond

thin films on fused silica optical fibres. Prior to diamond

growth during CVD, the fibres had been seeded in a high-

power sonication system by using two different suspen-

sions of detonation nanodiamond (DND) and different time

durations. In our study, we proposed to use the most

common diamond suspensions reported by other groups as

a standard ultrasonic diamond seeding media, i.e. diamond

particles with the mean size of 5 nm suspended in dimethyl

sulfoxide (DMSO-5 nm DND) [33–35], and the particles

with the mean size of 50 nm suspended in deionised water

(water-50 nm DND) [36, 37]. Diamond growth processes

were performed using microwave plasma assisted chemical

vapour deposition (MW PA CVD) system. The sp3/sp2

band ratio, representing the quality of diamond layer, was

measured using Raman spectroscopy. Morphology of the

layers deposited on the fibres and seeding efficiency was

investigated by using scanning electron microscopy

(SEM). The growth rate of the films and their optical

properties, i.e. refractive index and extinction coefficient

were estimated using spectroscopic ellipsometry (SE).

2 Experimental details

2.1 Fibre seeding by the high-power sonication

procedure

In our experiments, we used standard nanodiamond sus-

pensions, i.e. diamond particles with the mean size of 5 nm

suspended in dimethyl sulfoxide (DMSO-5 nm DND), and

the particles with the mean size of 50 nm suspended in

deionised water (water-50 nm DND). Tens of single-mode

optical fibre (Corning SMF28) samples (approx. 3 cm in

length) with a cladding diameter of 125 lm were prepared,

where both sample ends were cleaved and the polymer

coatings were mechanically removed. The investigated

optical fibre is made of fused silica cladding, which is high-

quality amorphous SiO2, and germanium-doped fused sil-

ica core (diameter of 8.2 lm). A set of p-type \100[ sil-

icon wafers were used as a reference sample. The fibres and

silicon wafers were cleaned in the ultrasonic bath con-

taining acetone for 5 min, then rinsed in 2-isopropanol and

nitrogen dried.
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Seeding was performed using a sonicator with the horn-

type sonotrode. The samples of optical fibre and Si wafer

were seeded during the same procedure in order to obtain

similar surface preparation. Both optical fibres and Si

wafers were placed at the bottom of glass vessel (approx.

7 cm in depth), which was afterwards filled up with the

suspension (see Fig. 1) and immersed in cooling water.

Then, the sonotrode tip was adjusted and dipped approxi-

mately 2 cm into the solution, keeping a 5 cm long dis-

tance between the sonotrode tip and the fibres. The distance

between the samples and the sonotrode was optimized to

disperse ultrasonic energy and at the same time keep the

surface of fused silica and Si wafer away from the cavi-

tation region, where erosion defects occur. However, some

defects can be seen on the surface, which had most likely

been induced by erosion cavities.

The glass vessel required cooling because the whole

setup was heating up during the process; this was achieved

by using a three-step heat exchange liquid-based system,

i.e. solution, internal cooling water, and a water jacket.

For all seeded substrates, the sonication power was

gradually increased to either 36 or 72 W. The sonication-

aided seeding process took 45 min, which included 5 min

for increasing the sonication power, 30 min for the main

process, and 10 min for cooling the probe (without soni-

cation). After stopping the process, the fibre samples were

cleaned in isopropanol and dried in a stream of nitrogen.

2.2 Diamond growth on fibres

Diamond thin films were synthesized using MW PA CVD

system (SEKI Technotron, Japan) on both optical fibre

samples and the reference silicon wafers. Silica fibres were

placed in stainless steel needles with a 1-cm lateral surface

and the tip exposed to plasma. The reference Si wafers

were placed inside CVD chamber on a molybdenum stage

(see Fig. 2).

During the deposition process, the substrates were kept

at 800 �C. Highly excited plasma was induced by micro-

wave radiation (2.45 GHz). The plasma microwave power,

which had been optimized for diamond synthesis, was

maintained at 1,300 W [38–40]. The molar ratio of CH4–

H2 mixture was kept at 1 % of gas volume at 300 sccm of

the total flow rate. The base pressure was about 10-6 Torr,

while the process pressure was kept at 50 Torr. The growth

time was set to 30 and 180 min which resulted in the

production of nano- and microcrystalline diamond films,

respectively. The molecular composition of films was

analysed by using Horiba LabRAM ARAMIS Raman

spectroscope equipped with confocal microscope (1009/

0.95 objective, 50 lm of confocal aperture) and 532-nm

diode pumped solid state (DPSS). Raman spectra were

recorded for both Si wafers and optical fibres and then

fitted by means of OriginLab OriginPro v.8.0 and Thermo

ScientificTM GRAMS AI to estimate sp3/sp2 band ratio.

Scanning electron microscope (S-3400N, HITACHI,

Japan) with tungsten source and variable chamber pressure

(VP-SEM) was used in order to assess the surface of films

synthesized on the fibres and to estimate diamond seeding

efficiency. No additional sample preparation was required

before SEM analysis. To ensure an appropriate comparison

of SEM images, all samples were assessed using the same

microscope settings (secondary electrons mode with 20 kV

accelerating voltage) and without pre-sputtering.

The diamond films grown on Si wafers were investi-

gated with spectroscopic ellipsometry (SE). Optical

investigations were carried out with a phase-modulated

ellipsometer (UVISEL HORIBA Jobin–Yvon Inc., Edison,

USA) for the wavelength range between 260 and 830 nm.

The experiments were performed at room temperature

Fig. 1 Schematic representation of seeding/cavitation system, where

(1) is thermometer, (2) transducer, (3) glass vessel with a water jacket,

(4) tip of the transducer, (5) suspension, and (6) fibres and Si wafer

samples. The setup was installed in a sound-proof chamber

Fig. 2 Schematic representation of the configuration of samples

inside the plasma reactor during diamond growth, where (3) marks

fibres in needles (1), and (2) indicates the reference samples on Mo

stage (4)
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using an angle of incidence of 70�. Ellipsometric fitting

was based on a four-phase optical model (air/roughness/

diamond/Si wafer). The roughness phase on the diamond

surface was modelled as an effective mixture of a diamond

film and space filled with air [23]. Such approach allowed

for estimating the average surface roughness of the sam-

ples. The dispersion of Si \100[ was taken from the

database [41]. The diamond film has been assumed to be an

isotropic, homogeneous material and its dispersion was

fitted to the Tauc–Lorentz oscillator (TL) model. Such

approach has been recently applied by Zimmer et al. [42]

for boron-doped NCD films, Hu et al. [15] for MCD films,

and Jellison et al. [43] for amorphous semiconductors. The

model is a combination of the Tauc joint density of states

[44] and the quantum mechanical Lorentz oscillator model

[45]. The TL model fits to the dielectric functions of a class

of amorphous materials. Such materials exhibit a pecu-

liarity due to the presence of two separated contributions of

inter-band electronic transition related to sp2 and sp3

bonded carbon [46]. The parameters of the TL model were

fitted for each of the analysed films. Finally, the assumed

optical model was fitted to the experimental data using the

nonlinear Levenberg–Marquardt regression method for

mean-square error (MSE) minimization [47]. As a result of

SE analysis, the thickness and optical constants, i.e.

refractive index n(k) and extinction coefficient k(k), were

obtained.

3 Results

3.1 The influence of seeding procedure

on the morphology and structure of diamond films

deposited on fibres

The effect of high-power sonication seeding process on the

morphology of diamond films deposited on optical fibres

was investigated for different sonication power, time of

deposition, and the composition of sonication suspension.

In Fig. 3, the morphology of the resulting diamond films on

fibres, sonicated in the suspension of 5-nm nanodiamond

particles in DMSO, is presented. After a 30-min deposition,

close to complete surface coverage with the diamond layer

was observed. The average size of crystals was dependent

on deposition time, i.e. after 30 min of deposition the grain

size reached 200 nm, while after 180 min grains exceeding

1,000 nm in size could be found. Moreover, it was

observed that the layer homogeneity and the crystal size

greatly increased with increasing sonication power for

longer deposition times.

For comparative purposes, the SEM images of diamond

films obtained after sonication in the water-based suspen-

sion are presented in Fig. 4. It is noteworthy that in the case

of DI water-based suspension, a 30-min deposition did not

result in the complete surface coverage of samples seeded

via sonication at either 36 or 72 W. However, a longer

deposition led to both an increase in coverage and the

growth of crystals. The same effect was observed while

using the DMSO-based suspension. It must be emphasized

here that in the case of water-based suspension used during

the sonication process, after 180 min of deposition with a

sonication power of 72 W the mean grain size still

remained smaller compared with the similar process with

the application of DMSO-based suspension. For the lower

sonication power, the influence of the solution type on the

growth rate was negligible.

The seeding efficiency expressed here as seeding density

was estimated by counting the total number of diamond

grains in defined surface the area (120 lm2). The results of

this basic calculation are shown in Table 1. The calcula-

tions assuming that seeding of glass fibres in water-based

suspension (water-50 nm DND) gives maximum nucleation

densities of 4.5 9 109 (36 W) and 5 9 109 cm-2 (72 W),

while DMSO-based suspension (DMSO-5 nm DND) value

of approximately 3.5 9 109 cm-2. Achieved here seeding

density level is smaller that values (1 9 1011 cm-2)

reported by other groups [48, 49]. However, Yang et al.

[48] and Butler et al. [49] results were achieved on Si

wafers or glass plates but not on optical fibres, which are

fragile and not resistant to bending or mechanical pro-

cessing. This trend suggests that not only the size of DND

nanoparticles in suspension influence on seeding density. It

could explained by protolysis of silanol groups that

undergo on the fused silica surface in the aqueous solution

[37]. Moreover, it was reported that the zeta potential of the

fused silica substrate was negative in the aqueous solution

[50] enabling to achieve higher seeding density [51].

The crystal sizes and their distribution for the obtained

films were estimated from the measurements made on

120 lm2 of the sample area at 0.5 lm intervals (see

Table 1). The relative amount of counts was calculated

taking into consideration the number of crystals of certain

diameter in the given area.

For both sonication procedures, (111) facets of diamond

crystals dominated. Moreover, an increase in sonication

power resulted in decreased number of (100) facets. The

suspension type (DMSO vs. water) seemed to have no

effect on facets. Finally, the SEM micrographs of the films

obtained on optical fibres (see Fig. 5) allowed for formu-

lating a general conclusion that the high-power sonication

seeding and the application of DMSO as a dispersant

resulted in better homogeneity of the film structure and film

continuity compared with the treatment with low power

and sonication in water medium.

The surface of optical fibre after the cavitation treatment

is shown in Fig. 6a. As a result of the occurrence of high-
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energy sound during the procedure, the fibre erosion had

taken place. The mean surface roughness increased sig-

nificantly due to this interaction. Moreover, additional

shallow cavities of 5–20 lm in diameter are visible. The

cavities are randomly distributed on the surface. The

optical fibre that had been subjected to the cavitation pre-

treatment was afterwards coated with diamond. In Fig. 6b,

many holes can be seen on the surface of coating, which

had most likely been induced by erosion cavities. The

dimensions of the holes are similar. Apart from the holes,

the fibre surface is uniformly covered with the film. No

cracks or heterogeneities can be observed.

Raman spectra of the films deposited on fibres are

shown in Fig. 7, while the calculated parameters of these

films are given in Table 2.

In all spectra, a sharp and strong Raman band assigned

to sp3 diamond lattice can be seen at about 1,332 cm-1,

which confirms that polycrystalline diamond films were

deposited. Moreover, wide bands at about 1,540 cm-1,

assigned to amorphous sp2 phase, are visible. The band at

1,332 cm-1 was fitted by a Lorentz profile, while the band

at 1,540 cm-1, by a Gaussian profile. The sp3/sp2 band

ratio was expressed as the ratio of the areas under those

bands. Such a ratio allows for comparing the quality and

crystallinity of different layers, i.e. higher sp3/sp2 band

ratio refers to larger size of diamond crystals as well as

lower amount of unwanted amorphous phase.

Comparison of sonication with use of water and DMSO

made by Raman spectroscopy shows that in case of

deposition on fused silica efficiency of both materials was

rather similar for growth time of 180 min, while for short

growth time DMSO was slightly better. Especially, dia-

mond lines were significantly narrower, which suggests

that better crystallinity was obtained. Thus, it can be con-

cluded that DMSO-based process is more suitable for

deposition of very thin layers.

More influential were growth time and power of soni-

cation. Based on the analysis of Raman spectra (see

Fig. 3 SEM images (920,000 magnification) showing the morphology of diamond films deposited on optical fibres for different sonication

power and deposition times. The seeding was performed in DMSO-based suspension
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Table 2), it can be concluded that for all sets of sonication

parameters, quality of the layers, determined by sp3/sp2

band ratio and Raman line width, was better for growth

time equal to 180 min than for growth of 30 min. It is in

good agreement with expectations and it can be explained

by more intensive growth of sp2 phase close to the amor-

phous substrate surface. Moreover, it can noticed that the

sonication power of 72 W results in better crystallinity of

the deposited layers than a power of 36 W—the width of

the band assigned to sp3 phase is lower—which means that

the diamond lattice is less distorted. Moreover, in most

cases, sp3/sp2 band ratio is better for 72 W.

Slightly different results were obtained for process car-

ried out 180 min when DMSO and 36 W of sonication

power. Unexpected width and shift of the ‘‘diamond’’ band

to 1,325.8 cm-1 in the case of this sample can be explained

by the more intensive lattice stress and consequent sp3

distortion. This finding confirms that the deposited layers

are under stress because of the different crystal structures

of film and the fused silica substrate. Therefore, the

deposition process requires further optimization in order to

avoid cracking of the film, and to enable deposition of films

Fig. 4 SEM images (920,000 magnification) showing the morphology of diamond films deposited on optical fibres for different sonication

power and deposition times. The seeding was performed in DI water-based suspension

Table 1 Seeding nucleation density and crystal size distribution on

the surface of diamond film for different sonication conditions after

180 min of deposition

Seeding

mode

36 W

(water-

50 nm

DND)

72 W

(water-

50 nm

DND)

36 W

(DMSO-

5 nm)

72 W

(DMSO-

5 nm

DND)

Seeding

density

(cm-2)

4.5 9 109 5 9 109 3.5 9 109 3.5 9 109

Surface grain size (lm)

\0.5 54 % 59 % 83 % 7 %

0.5–1 37 % 26 % 10 % 34 %

1–1.5 8 % 15 % 7 % 45 %

1.5[ 1 % 0 % 0 % 14 %
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with larger surface areas. A decrease in the Raman band

width for a longer deposition time (with only one excep-

tion, i.e. DMSO and 72 W of sonication power), which

should correspond to less distorted sp3 phase, is in good

agreement with an increase in the mean grain size observed

by SEM.

3.2 The influence of seeding procedure on the optical

properties of diamond films

Due to difficulty of making ellipsometric measurements

directly on the curved surface of optical fibres, the deter-

minations were made instead on the reference samples with

diamond films deposited on Si wafers. The applied fitting

procedure gives accurate values of the film thickness and

roughness, and its optical properties. The ellipsometric

analysis was performed on fully encapsulated diamond

films only. The list of films analysed by SE, including their

properties, is presented in Table 3. The film thickness

mainly depends on deposition time. However, slight dif-

ferences in the growth rate, induced by other deposition

parameters, were also observed. It was found that the

growth rate increases for the higher level of sonication

power. At 72 W, the seeding density was higher (see SEM

results in Figs. 3, 4) resulting in an increase in the film

growth. For samples subjected to long deposition (i.e.

180 min), the film surface displayed higher roughness and

a microcrystalline character. For a 30-min deposition, the

film surface had lower roughness, a feature typical for

nanocrystalline structure. The application of DMSO

resulted in the highest roughness which was still acceptable

in relation to the possible use of the produced optical fibres

Fig. 5 SEM images (9700 magnification) of diamond films on optical fibres obtained in different suspension types (water vs. DMSO) and at

different levels of sonication power

Fig. 6 Erosion/cavitation defects on the fibre surface which occurred during high-power ultrasonic seeding; a depicts the surface after seeding,

and b surface after the diamond deposition
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in sensors [52]. High roughness was in agreement with the

grain size distribution estimated from SEM analysis (Fig. 3;

Table 1). The increased roughness can be explained by lower

seeding density occurring for lateral expansion of the grains.

The DMSO-based seeding suspension had lower polarity

index than the water-based one. High polarity index effec-

tively increases seeding. However, the DI water-based sus-

pensions are unstable compared to those based on DMSO

[26]. When the roughness effect is neglected, the optical

density (qopt) of the deposited diamond films can be estimated

using Eq. (1), where nd and n are the refractive indices of

single-crystal diamond (SCD) and polycrystalline diamond

films, respectively [15].

qopt ¼
n2 � 1

n2 þ 2
� n

2
d þ 2

n2
d � 1

ð1Þ

The obtained optical density, relative to SCD, reached

the values of 0.83 for NCD films (30-min deposition) and

0.98 for MCD films (180 min). The high optical density

can be attributed to the high content of sp3 hybridization

phase, which was confirmed by Raman spectroscopy (see

Fig. 7). Our recently published results [53] and those

reported by Hu et al. [15] show a ca. 10 % decrease of

optical density in the films obtained on silica glass sub-

strates in comparison with the films produced on Si

wafers.

Fig. 7 Raman spectra of films

deposited on fibres; a 30-min

deposition time, b 180-min

deposition time

Table 2 Intensity ratio of

Raman bands assigned to sp3

and sp2 phase (sp3/sp2) as well

as the position (DPP) and width

(DFWHM) of Raman ‘‘diamond’’

band in the deposited films

DND suspension Growth time (min) 72 (W) Power of sonication 36 (W)

sp3/sp2 DPP DFWHM sp3/sp2 DPP DFWHM

Water (50 nm DND) 30 0.22 1,334.0 13.4 0.07 1,332.5 16.0

180 0.61 1,332.7 8.9 0.29 1,333.6 12.0

DMSO (5 nm DND) 30 0.25 1,332.6 9.2 0.15 1,332.5 11.5

180 0.44 1,333.5 8.1 0.59 1,325.8 16.0

Table 3 The parameters of

diamond films deposited on the

reference Si wafers, as

determined by SE

Sonication

power

(W)

Seeding solution Deposition

time

(min)

Film

thickness

(nm)

Growth rate

(nm min-1)

Surface

roughness

(nm)

Optical

density

(a.u.)

36 Water (50 nm DND) 180 480 2.7 20 0.94

DMSO (5 nm DND) 180 450 2.5 26 0.96

30 90 3 10 0.83

72 Water (50 nm DND) 180 600 3.3 24 0.98

DMSO (5 nm DND) 180 530 2.9 32 0.98

30 110 3.7 12 0.86
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Besides the structural properties of films and their

morphology, SE was used to determine the optical prop-

erties of the obtained films. In Fig. 8, the dispersion char-

acteristics of the layers n and k for the diamond films

deposited by using different DND seeding suspensions are

presented. The n value for SCD was added in Fig. 8 as a

Ref. [41]. The optical properties decreased with increasing

wavelength, and at the same time, the films displayed

normal dispersion and a behaviour typical for the band gap

of electronic transition. Surprisingly, the seeding suspen-

sion type had no significant effect on the values of n and

k in the films grown for 180 min. The obtained n values

(2.52–2.37) were smaller than those for SCD. In compar-

ison, Hu et al. [15] reported the variability of n between

2.31 and 2.34 for NCD films, while Gupta et al. [54]

determined the n values between 1.7 and 2.1 for MCD

films at k = 632 nm. The lower n values (compared to

SCD) indicated lower physical density of the films [55, 56].

The k values obtained in this study were close to zero for

wavelengths above 380 nm for both seeding suspension

types. At 230 nm, the k values reached the maxima of 0.8

and 0.6 for water- and DMSO-based suspensions,

respectively.

The values of n and k of diamond films grown on Si

wafers, which had been pre-treated by seeding at different

sonication power and deposition times, are shown in

Fig. 9ab. It is noticeable that n increases with increasing

sonication power and deposition time. The use of lower

sonication power resulted in the reduced amount of erosion

defects, but it also decreased the n value by approximately

0.05. The effect of lowered n can be explained by lower

seeding efficiency and higher amount of sp2 hybridization

phase in between crystalline grains causing the reduction of

sp3/sp2 band ratio, as confirmed by Raman spectroscopy.

Also, a shorter deposition time (30 min) resulted in low-

ered n value (2.05–2.25), typical nanocrystalline ‘‘cauli-

flower-like’’ morphology (see Fig. 4), and a relatively high

sp2 content observed via Raman spectroscopy (see Fig. 7).

Fig. 8 Dispersion of refractive index and the extinction coefficient of diamond films seeded in different suspension types. The sonication power

was 72 W, and deposition time was 180 min. The n value for (circle)-SCD was plotted for comparative purposes [41]

Fig. 9 Dispersion of refractive index a and the extinction coefficient, b of diamond films seeded in DMSO-5 nm DND suspension at different

deposition times (30 and 180 min) and sonication power (36 and 72 W). Trends are marked by arrows
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The application of short deposition time during the

experiment was aimed at limiting the thickness of diamond

film. For the films produced under such conditions, besides

the low thickness, we also observed a significant decrease

in the film’s internal stress and surface roughness. SE

studies demonstrated that the short deposition time results

in samples displaying optical properties which fulfil the

requirements for their application in fused silica optical

fibre sensors; the n value of 2.05 gives high refractive index

contrast compared with 1.47 for fused silica (see Fig. 9a).

Moreover, it is noteworthy that the k value in such films

reached 0.15; therefore, they can limit light propagation by

high optical absorption. The absorption coefficient of the

films, defined as a (=2pk), reached the value of 1.2. In

comparison, a for MCD films deposited during the 180-min

process was close to zero. Nevertheless, considering the

optical sensing applications, the estimated NCD absorption

coefficient is not critical because the penetration depth Dk

(=k�a-1) [47] at k = 632 nm reached 526 nm, while the

30-min deposition resulted in the film thickness of

approximately 100 nm. The k values obtained at k = 632

nm are comparable to those reported by Hu et al. (0.015 for

NCD films) [15] and Gupta et al. (0.07–0.315) [54]. The

samples grown during a short deposition process (30 min)

on the substrates seeded in water-based suspension were

not investigated by SE due to the incomplete surface

encapsulation of films (see Fig. 3). The increase in soni-

cation power from 36 to 72 W had a negligible influence

on the k value (see Fig. 9b); therefore, it has been con-

cluded that the power of 36 W can be effectively used for

diamond seeding. However, it should be underlined that the

lower sonication power limits the size and amount of the

substrates in one seeding process. The limitation originates

from the lower volume of suspension which could be

effectively ultrasonically supplied when the power is

decreased.

4 Conclusion

Polycrystalline CVD diamond films were grown on fused

silica fibres using MW PA CVD and high-power sonication

seeding procedure. The influence of standard detonation

nanodiamond suspensions, i.e. DND dispersed in (1)

DMSO, and (2) deionised water was investigated. SEM

analysis demonstrated that the application of DMSO-based

suspension enhances the substrate encapsulation during the

30-min deposition process, with the growth rate reaching

approximately 4 nm min-1. The 180-min deposition

resulted in the formation of microcrystalline layer, while

the 30-min process favoured the NCD structure.

Raman spectra showed that the highest sp3/sp2 band

ratio was obtained for the sonication performed in water-

based suspension at 72 W, and longer deposition time. For

shorter deposition times, the DMSO-based suspension

should be used during sonication. The sonication power of

72 W and a deposition time of 180 min allow for achieving

high refractive index (2.38 at k = 632 nm) and low

extinction coefficient of the deposited film. The values of

n increased proportionally to the sonication power, while

they showed a significant increase with increasing depo-

sition time. Nevertheless, the lower sonication power

allowed for reducing the amount of erosion defects on the

fibre surface. The lower sonication power induced higher

sp3 content in the film. Moreover, different seeding sus-

pensions did not significantly affect the n and k values of

the diamond films deposited during a 180-min process.

However, the 30-min-long growth preceded by seeding in

DMSO-based suspension, allowed for obtaining shorter

nucleation and faster substrate encapsulation compared

with the structures resulting from seeding in water-based

suspension. In comparison with water-based suspension,

the seeding in DMSO resulted in the higher values of mean

surface roughness (*32 nm). This finding can be

explained by lower seeding density which induces the

lateral-grain expansion. In conclusion, the high-power

sonication procedure is a very efficient and flexible tech-

nique for seeding of fused silica optical fibres.
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