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An application of diamond-like carbon (DLC) nano-coated
optical ﬁbre as a promising platform for external medium
refractive index (RI) sensing is investigated. The DLC thin
ﬁlms are deposited by radio frequency plasma enhanced
chemical vapour deposition (RF PECVD) on fused-silica core
(Ø ¼ 400 mm) of multimode polymer-clad silica (PCS) optical
ﬁbres. The optical ﬁbre sensor response to variations of the
external RI for samples coated with DLC ﬁlm for various
thickness and optical properties of the ﬁlm is measured, and
compared to numerical simulations. We show that both optical
properties and thickness of the DLC ﬁlms depend on the
deposition time. The effect has a strong impact on the optical

response of the samples to variations of the external RI. The
response is mainly inﬂuenced by the thickness and RI of
the DLC overlay. Moreover, the response also depends on the
investigated wavelength range. We show that for intensitybased conﬁguration at l  490 nm, the DLC ﬁlm thickness
should reach about 80 nm. In such a conﬁguration the
sensitivity reaches over 2000% per RI unit (RIU). For
wavelength-based conﬁguration, when shift of the intensity
deep at l  490 nm is considered, the thickness of the ﬁlm
should be as high as 120 nm. In such a conﬁguration the
sensitivity reaches 250 nm RIU1.
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1 Introduction There is a great interest in application
of optical ﬁbre sensors, especially in places where traditional
electronic or mechanical sensors cannot work due to harsh
environmental conditions [1]. One of the simplest optical
ﬁbre sensing structure is based on short length (tens of mm)
of core of the ﬁbre exposed to external media [2]. In such a
conﬁguration evanescent wave interacts with the external
media resulting in modulation of the light intensity guided in
the ﬁbre. In more advanced structures, the core is coated
by an overlay which typically absorbs or binds certain
stimulant. The phenomenon induces variations of optical
properties of the overlay, and thus modiﬁcation in light
propagation conditions in the optical structure [3]. There is
another group of sensors which are coated with an overlay
showing higher refractive index (RI, n) than the one of the

ﬁbre core. For these sensors, the overlay at its certain
thickness can modify the response of the optical ﬁbre
structure to external RI. Such a sensing device offers
simplicity of fabrication and ﬂexibility in determining its
functionality by proper selection of the applied properties of
the overlay. Moreover, the device offers high sensitivity,
which rivals some more complex optical structures [4]. A
number of materials, including TiO2, In2O3, ITO and some
polymers, has been applied for discussed optical ﬁbre
sensing conﬁguration [4–6]. The overlays have been
deposited from liquid precursors by dip coating method.
An application of vapour deposition methods for this
purpose which offer wide selection of materials and
possibility of in situ tuning of their properties is rare.
In our previous works we have shown a capability for
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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deposition of diamond-like carbon (DLC) overlay on optical
ﬁbres [7]. DLC is a form of amorphous carbon or
hydrogenated amorphous carbon exhibiting high hardness
and good resistance to chemical corrosion [8]. DLC is
typically applied for passivation or protection of various
tools and devices [9]. DLC applied for electronic devices can
play a role of diffusion barrier against water molecules and
sodium ions, two major sources of corrosion and instability
in microelectronics [10]. In optical devices, DLC is typically
applied as both protecting and antireﬂecting coating [11].
Some advanced optical sensors has also been demonstrated,
where doped DLC has been used as a platform for RI
sensing [12]. One of the biggest advantages of DLC is
comparing to e.g. diamond, its deposition at low temperatures, which reduces the possibility of damaging substrate
material. In our works we applied radio frequency plasma
enhanced chemical vapour deposition (RF PECVD) method
for deposition of these hard, smooth and wear resistant nanooverlays. It is also worth mentioning that DLC ﬁlms show
good adhesion to fused silica glass, which additionally
makes them a good candidate for overlays enhancing sensing
properties of the optical ﬁbre devices. Our up to date
investigations were based on measurements of power
transmission at a narrow wavelength range (l  620 nm).
We have already shown the capability of tuning the RI
sensitivity by proper selection of the DLC overlay
properties [13]. Recently it has been shown by other authors
that the sensitivity in such a sensing conﬁguration highly
depends on the properties of the overlay, and what is more on
wavelength range where the response is measured [14].
In this paper we discuss the inﬂuence of DLC ﬁlm
properties on the RI sensitivity in wide spectral range (l from
350 to 1050 nm) in order to ﬁnd optimal interrogation
conditions for the sensor. Our experimental data are
supported by simulations based on developed numerical
model. The simulations allow for further improvement of
the device sensitivity, especially by proper selection of
DLC overlay properties.
2 Experimental details
2.1 Modelling and simulations The numerical
model has been developed according to the ﬁbre structure
cross-section schematically shown in Fig. 1. The ﬁbre has
been excited by a polychromatic light source at input

power Pin. The output spectrum Pout(l) is dependent on DLC
nano-coating properties and optical properties of the external
medium at the sensing region.
To determine the effective transmitted power (Pout) we
employed Eq. (1), which is commonly used for surface
plasmon resonance sensors [15, 16]. This formula was
improved in comparison to some other shown in, e.g. [5, 6,
14], by taking into account not only meridional rays at angle
of incidence in range from critical angle uc to p/2, where uc is
expressed by Eq. (2), but also skew rays in range from 0 to
amax ¼ p=2 [15, 16]. At the maximum angle value, all the
meridional and skew rays contribute to the Pout. In Eq. (1),
N ðu; aÞ denotes the total number of reﬂection in the ﬁbre
core in the region coated by DLC overlay, and is expressed
by Eq. (3), where L is the length of the DLC region, D the
core diameter, a the skewness angle and u is the angle shown
in Fig. 1. The Pin represents the power at the ﬁbre input,
which for wide light source can be represented according to
Eq. (4). It must be noted here that since in discussed
case er > 0, er > |ei| and er > eout, where er, ei and eout are,
respectively, DLC’s real, imaginary and surrounding
dielectric permittivity, then the ﬁlm supports a lossy guided
mode, which exists both for transverse electric (TE) and
magnetic (TM) polarizations [17]. Finally, R in Eq. (1)
represents averaged reﬂectivity of TM and TE modes given
in Eq. (5).
R amax R p=2
Pout ¼

o

N ðu;aÞ
Pin duda
uc R
;
R amax R p=2
o
uc Pin duda


ncladding
;
ncore

ð2Þ

L
;
D cosa tanu

ð3Þ

uc ¼ sin1

N ðu;aÞ ¼



ð1Þ

Pin / n20 sinu cosu;

RN ðu;aÞ ¼

N ðu;aÞ

ð4Þ
N ðu;aÞ

RTM ðu;aÞ þ RTE
2

ðu;aÞ

:

ð5Þ

In order to obtain reﬂectivity for TM and TE polarized
light, we perform calculations based on the transfer matrix
method (TMM) for the multilayer structure shown Fig. 2.

Figure 1 The cross-section of the investigated ﬁbre sensor
structure.
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2 Schematic multilayer model used to determine the
reﬂectivity.
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In our model the ith layer is described by the RI ni and
thickness di. All the layers are assumed to be uniform and
isotropic. The light inputs the ﬁrst interface at an arbitrary
angle u0. The tangential ﬁelds at the ﬁrst boundary are related
to those at the ﬁnal boundary according to Eq. (6) where E0
and H0 are the tangential components of electric and
magnetic ﬁelds at the ﬁrst interface, respectively, M is the
characteristic matrix of the structure, and Em  1 and Hm  1
are the ﬁelds at the last interface.




E m1
E0
¼M
;
ð6Þ
H0
H m1

M¼

Xm1
i1


Mi ¼

Figure 3 Scheme of the RF PECVD setup applied for DLC
deposition on optical ﬁbres and reference Si wafers.



M 11 M 12
:
M 21 M 22

ð7Þ

In Eq. (7) the Mi is described by Eq. (8), where bi and qi
for TM and TE polarization and given by Eqs. (9), (10)
and (11), respectively.


cosbi ðisinbi Þ=qi
Mi ¼
:
ð8Þ
ðiqi sinbi Þ cosbi
bi ¼

1=2
2pdi  2
ni  n20 sin2 u0
;
l


n2  n20 sin2 u0
qi ¼ i
n2i

ð9Þ

1=2

The RF PECVD setup used for DLC deposition is
schematically shown in Fig. 3. The ﬁbres were suspended
in a reactor chamber 5 mm over the RF electrode and
reference oxidized silicon wafers were placed directly on
the electrode. The deposition parameters were optimized
for good adhesion of the ﬁlms to silicon dioxide (SiO2)
substrates [18]. Each deposition was preceded by 5 min long
ion sputtering in RF plasma discharge at negative self-bias
voltage (VB) of 300 V and residual pressure of 13 Pa. The
deposition processes were performed at 30 sccm methane
ﬂow, pressure of 35 Pa and VB ¼ 200 V. The deposition
time range was from 1 to 13 min.

2.3 Thin ﬁlm and sensor characterization DLC
ﬁlm properties were investigated on reference Si samples
using Horiba–Jobin–Yvon UVISEL spectroscopic ellipsometer (SE) in the wavelength range from 260 to 830 nm.
 2

1=2
:
ð11Þ The thickness and optical constants, i.e. n and extinction
qi ¼ ni  n20 sin2 u0
coefﬁcient (k) were calculated by ﬁtting of SE data using
Finally, the reﬂectivity at wavelength l is given by single layer Tauc–Lorenc model of DLC ﬁlm [18].
Eq. (12). This equation is used to obtain expressions for the
The transmission of the optical ﬁbre samples was
reﬂectivity of TM and TE polarizations.
measured in l range from 350 to 1050 nm using Yokogawa
AQ4305 white light source and Ocean Optics USB4000

ðM 11 þ M 12 qm Þq0  ðM 21 þ M 22 qm Þ2 VIS-NIR spectrometer. The applied measurement setup is
2
 :
Rðu; lÞ ¼ jrj ¼ 
schematically shown in Fig. 4. The nano-coated segment
ðM 11 þ M 12 qm Þq0 þ ðM 21 þ M 22 qm Þ
;

ð10Þ

ð12Þ
In our investigations we use three layers: core of the ﬁbre
(i ¼ 0), DLC nano-overlay (i ¼ 1), and external medium
(i ¼ 2). The results of the reﬂectivity contributing to
structure’s transmission for various RI were normalized
using data obtained for each sample in the air (nD ¼ 1).
2.2 Sensor fabrication In the experiment polymerclad silica (PCS) multimode optical ﬁbre (Øcore ¼ 400 mm)
has been used. Outer polymer coating from 25 mm-long
segment of the ﬁbre (total length of the ﬁbre is 150 mm)
was mechanically and chemically stripped [7]. The stripped
section of the silica core was cleaned in organic solvent
before the overlay deposition.
www.pss-a.com

Figure 4 Scheme of the experimental setup applied for external RI
measurements.
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was immersed in various liquids prepared by mixing water
and glycerine. The RI of the obtained liquid (nD) was
measured using Reichert AR200 Automatic Digital Refractometer. Wavelength-dependent response of the structures to
variations in external RI was normalized using spectrum
obtained for each sample surrounded by the air (nD ¼ 1).
3 Results and discussion The optical properties of
the DLC ﬁlm can be determined at the deposition stage by
proper adjustment of a number of RF PECVD parameters,
which include pressure in the chamber, gas ﬂow and
composition, self-bias voltage, temperature and deposition
time [18]. Evolution of the DLC ﬁlm thickness and optical
properties with RF PECVD time is shown in Fig. 5. We
obtained deposition rate reaching 11.8 nm min1 and
optical properties of the ﬁlm, which are highly dependent
on deposition time. The obtained deposition rate allows for
good control of thickness of the deposited ﬁlms. It is shown
in Fig. 5b that the ﬁlms reach the highest n when deposited in
a 7 min long process. For process length up to 7 min, the n
increases with deposition time, whereas for longer processes
it starts to decrease. A similar trend is observed for k where
for 7 min long process k is the highest and the lowest in l
range below and above 420 nm, respectively. The inﬂuence
of deposition time on optical properties of the ﬁlms has been
discussed in details elsewhere [19]. The effect is based on
densiﬁcation of the ﬁlm in initial stage of its growth and then

Figure 5 Evolution of DLC ﬁlm (a) thickness and (b) optical
properties, i.e. n and k, with deposition time.
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

release of hydrogen promoted by increase of temperature
during the process. A signiﬁcant inﬂuence of deposition time
on both DLC optical properties and thickness makes difﬁcult
independent determination of these parameters.
It must be noted here that for the needs of the
experiment, the properties of the DLC ﬁlms were determined
on reference Si wafers, not directly on the ﬁbres. Due to the
speciﬁcity of PECVD method applied in our work, we may
expect the ﬁlms to be slightly different in properties on ﬁbres
and on reference Si wafers. However, microscopic images of
the ﬁbre cross-section (not shown here) conﬁrm good
agreement between thickness of the ﬁlm on the reference
wafers and average thickness of the overlay on the ﬁbres.
Paying attention to this measurements and having in mind a
possible imprecision in determination of the overlay
properties on the ﬁbre, in the following discussion we
mention properties of the overlays and refer more to
deposition time and estimated thickness of the overlay than
precisely deﬁned thickness of the overlay on the ﬁbre.
Taking into consideration dispersion curves of n and k
obtained for 4 min long deposition, we simulated the
inﬂuence of the DLC ﬁlm thickness on sensor’s response to
its immersion in water (nD ¼ 1.3330). It is shown in Fig. 6a
that the maximum of transmitted power shifts towards longer
wavelength with DLC thickness. The effect takes place in the
investigated wavelength range up to 150 nm in ﬁlm
thickness. Another maximum appears at DLC thickness
above 250 nm, but it is lower in intensity than the one for
thinner ﬁlms, and it shifts less in wavelength with increase of
the thickness. Depending on thickness of the DLC, the
transmitted power in selected wavelength ranges increases
by over 100% as a result of immersing the sample in water.
Next, in order to investigate the inﬂuence of n and k on
sensor’s response to immersing in water, we set ﬁlm’s
thickness to 80 nm, and modiﬁed n and k dispersion curves
by adding to them constant values. It is seen in Fig. 6b that
the transmission maximum also shifts towards longer
wavelength with increase of n. Simultaneously, it broadens
its wavelength band and experiences reduction in intensity.
The weakest effect to the sensors response has the increase of
k shown in Fig. 6c. A signiﬁcant increase in k (by 0.3) results
in slight shift of the transmission maximum towards longer
wavelength and broadening of its band. Taking into
consideration that for investigated DLC ﬁlms k variations
are limited to 0.1, the effect resulting from its changes from
one ﬁlm to another can be neglected. Proper selection of
overlay’s n, and especially its thickness is critical from the
point of view of the developed sensor performance.
Response of the DLC nano-coated samples to variations
in external RI from 1 to 1.444 has been investigated next. The
results obtained for three of the most representative samples
are shown in Fig. 7. Depending mainly on DLC overlay
thickness, the spectral response of the samples to changes in
external RI is very different. In case of short depositions
(<4 min, resulting in overlays below 50 nm in thickness)
mainly a decrease in transmitted power is observed with
increase in external RI. For longer depositions, the
www.pss-a.com
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Figure 7 Inﬂuence of the external RI on transmission of the DLCcoated structures normalized to response recorded in air, where (a),
(b) and (c) represent the effect for 4, 6.5 and 10 min long DLC
deposition time.
Figure 6 Inﬂuence of the DLC (a) thickness, (b) n and (c) k on
transmission of the coated structure when external RI changes from
1 to 1.3330. Simulations were performed for (a) experimental data
of n and k at 4 min long process. For (b) and (c) thickness was
80 nm.

transmitted power starts to increase in the lower wavelength
range and shifts towards longer wavelength with RI.
When the thickness of the DLC overlay reaches about
80 nm a dynamic increase in transmitted power with RI at
l  490 nm is observed. The sensitivity deﬁned as
variations in normalized transmitted power per RI unit
(RIU) reaches here 2000% RIU1 and is linear in the whole
www.pss-a.com

investigated RI range. For thicker DLC ﬁlms (>100 nm) the
maximum transmitted power further shifts towards longer
wavelength, signiﬁcantly losing its intensity and becoming
insensitive to RI. But at shorter wavelength minimum of
transmitted power appears, which shift towards longer
wavelength with RI. Sensitivity deﬁned as shift in
wavelength of the power minimum per RIU reaches here
250 nm RIU1. For samples with thicker DLC overlay, the
observed phenomenon is similar to the one noticed for
samples with a very thin ﬁlm. It proves the periodicity
observed and discussed, in case of the results of simulations
for the thickness variations.
ß 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Conclusions Besides typical application of DLC for
mechanical and chemical protection of various surfaces, the
material can be successfully applied for tuning sensitivity
of optical ﬁbre devices. Presented approach is based on
multimode optical ﬁbre with a 25-mm-long segment of
removed cladding where the core is coated with the DLC
nano-overlay. Relatively low-temperature process allows for
DLC deposition on polymer-coated ﬁbres. Thin, smooth and
high-RI (n > 1.8) ﬁlms were deposited on the sidewalls of
the ﬁbre using RF PECVD method. The properties of the
DLC ﬁlms can be easily modiﬁed by proper selection of
the deposition process parameters. Applied numerical
model, performed simulations and experimental data
conﬁrm the inﬂuence of thickness and optical properties
of DLC on sensor’s RI response. Depending on chosen
interrogation method, which can be based on variations in
transmitted power at ﬁxed wavelength or shift of the
transmitted power minimum in wavelength, a proper
thickness of the DLC should be deposited. For the DLC
ﬁlm thickness of about 80 nm, and at ﬁxed l ¼ 490 nm,
variations in the transmitted power with external RI reaches
2000% RIU1 where for thicker overlays (120 nm in DLC
thickness) the wavelength of the transmission minimum
reaches the sensitivity of 250 nm RIU1.
In contrast to other ﬁlms applied for such devices, which
are typically deposited with dip coating methods, applied in
this work RF PECVD method allows for repeatable and time
efﬁcient fabrication of the device. Its application is cheap
when mass fabrication is considered. The platform seems to
be very promising for application in label-free bio-sensing.
This approach allows for application of a chemically or
biologically sensitive ﬁlm on top of the nano-coating,
resulting in developing of both a highly sensitive and
selective device.
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