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ABSTRACT 
 
Integrated liquid core AntiResonant Reflecting Optical Waveguide (ARROW) are used as basic component for the 

realization of complex optofluidic devices. Liquid core ARROW waveguides permit to confine the light in a low 
refractive index liquid core, by means of two high refractive index cladding layers designed to form a high reflectivity 
Fabry-Perot antiresonant cavity. This arrangement allows to realize liquid core waveguides that can be very useful in 
optofluidic applications. We report the fabrication and the characterization different optofluidic devices based on hollow 
core ARROW waveguide like tuneable couplers and Mach-Zehnder interferometers. The proposed devices have been 
realized by silicon technology. The channels have been realized by etching the silicon wafer, while the two claddings 
have been deposited on both wafers by LPCVD or ALD depositions. 
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1. INTRODUCTION 
 
Optofluidics is a very promising field that has seen a significant improvement over the last few years. Optofluidics is 
essentially the integration of optics and microfluidics [1]. This permits to realize innovative optical system in which the 
fluids can be used to efficiently change the optical properties of a device.  
In this field liquid core waveguides can represent an important component of future optofluidic devices and systems [2]. 
In fact they represent the maximum integration and functionality between waveguides, the key element of the optical 
structure, and microchannels, the key element of microfluidics. 
Many techniques have been proposed in order to realize liquid core waveguides. Metallic walls hollow waveguides have 
been largely studied, however the propagation loss of these waveguides can be very large at certain optical frequencies 
[3]. Teflon coated waveguides have been proposed and fabricated by means of integrated planar technology [4]. 
Recently, a dielectric cladding optical waveguide based on bragg reflectors or photonic band gap has been proposed and 
fabricated [5]. However, its fabrication as integrated device is not easy and requires high index contrast between the 
cladding layers, which typically necessitates the use of high-index materials like silicon that is absorbing in the visible 
range, so limiting the range of potential applications. A different way to realize hollow optical waveguide is the use of 
leaky waveguide [6] such as AntiResonant Reflecting Optical Waveguide (ARROW). Differently from conventional 
waveguides, in ARROW waveguides the field is not confined in the core region by total internal reflection but by 
dielectric cladding layers designed to form high reflectivity Fabry-Perot mirrors [7]. This peculiar structure offers some 
unique properties that make it very attractive for photonics integrated circuits with applications ranging from 
telecommunications to sensors. In particular in ARROW waveguides the core has a refractive index lower the one of the 
cladding layers, permitting the realization of liquid core waveguides without metal walls [7-12]. Even though the 
ARROW modes are leaky, low-loss propagation over large distances can be achieved. Furthermore, singlemode 
waveguides can be realized also with large core dimensions. These waveguides can be easily designed using very simply 
optical equations that take into account the interference phenomena in the cladding layers. 

In this work, we show that liquid core ARROW waveguide can be used as a basic component for complex integrated 
optofluidic devices. In particular, we report the fabrication and the characterization of a tunable couplers and two Mach-
Zehnder interferometers. 
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2. INTEGRATED LIQUID CORE ARROW WAVEGUIDES 
 

The transverse section of an integrated liquid core ARROW waveguide is shown in Fig. 1. Two halves compose the 
waveguide. On both halves, two dielectric layers are deposited on a silicon substrate, having refractive index and 
thickness n2, d2, ,and n1, d1, respectively. In this waveguide, the light is confined inside the core region, where the 
refractive index nc is lower than the one of the surrounding media, by the two cladding layers designed to form a high 
reflectivity Fabry-Perot antiresonant cavity.  
 

 
 

Fig.1 Liquid core ARROW waveguide transverse section. 
 

For a fixed core dimension dc and refractive index nc, the antiresonant condition for the equivalent one-dimensional 
vertical structure permits to calculate the optimal thicknesses of the two cladding layers, as [7]: 
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where, λ is the working wavelength and neff is the effective index of the propagation mode and the integer N=0,1,2,... is 
the antiresonance order. The order of antiresonance determines the width of the transmitted spectrum [13]. In order to 
have waveguides with a broad-band output transmission spectrum it is necessary to set N=0 in the equation (1) for each 
cladding layer. 
For the fundamental mode neff can be approximately given by [7]: 
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where λπ=β /20 , β  is propagation constant and dc is the thickness of the core. 
If λ/dc<<1 (e.g. large core waveguides) eq. (2) can be simplified to neff≅nc . 
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ARROWs are leaky waveguides and so the design of an ARROW waveguide requires a special attention depending on 
their application. In particular, single mode behaviour is an important requirement for optical waveguide devices for use 
with single-mode fiber or for the fabrication of interferometric devices. With a suitable design large core waveguide with 
virtual mono-mode behaviour, where higher order modes are filtered out by loss discrimination due to the low 
reflectivity at the cladding layers for these modes, can be achieved. So, the core dimension of a single mode ARROW 
waveguides results from a trade-off between the quasi single mode behaviour and the fundamental mode losses. For 
liquid core waveguide (nc=1.330) in order to ensure this condition the core dimension has been fixed to be 10x5μm2 
[14]. The choice of a rectangular core is  related to the strong polarization dependence of the losses in an ARROW 
waveguide. In fact, it is well known that the attenuation for TE polarization is always lower compared with TM for the 
same core thickness [15]. Since a TE polarized input light can be regarded as TE for transverse confinement and TM for 
lateral confinement, the x dimension of the core has to be wider to keep the TM-like loss in this direction low.  
 

2.1. ARROW fabrication 
 
ARROW waveguides can be easily fabricated thanks to the well-established silicon technology processes [10-15]. To 
confine the light, a multilayer stack must be realized by alternating high index contrast cladding layers surrounding the 
core. Each cladding layer is design to act as a Fabry-Perot (F-P) mirror at a designed wavelength according eq.(1). For 
the fabrication of these waveguides, material cladding such as silicon nitride (n=2.01-2.2) and silicon dioxide (n=1.46) 
have been widely used as they provide the requirement of a CMOS compatible process and high index contrast. 
Depositions are generally carried out using Plasma-Enhanced Chemical Vapour Deposition (PECVD) or low pressure 
chemical vapour deposition (LPCVD) [10, 14].  
In our case, the fabrication process of an ARROW waveguide starts with the realization of the microchannels by means 
of a 5µm depth silicon dry etching on the bottom wafer. After that, an LPCVD deposition at a temperature of 850°C, on 
both wafers of the silicon dioxide (TEOS) (n2=1.457) and silicon nitride (n1=2.227) cladding layers, has been realized. 
The cladding layers thicknesses are d1=266nm (N=1) and d2=266nm (N=0), according to the antiresonant condition (1) at 
λ=633nm and nc=1.330. 
As reported in the previous section, in order to have waveguides with a broad-band output transmission spectrum it 
should be to set N=0 in the eq.(1) for each cladding layer. However, the choice of the silicon nitride as the first cladding 
material, depending on the designed wavelength λ and on the core refractive index, results in a layer thickness d1 ranging 
from 80 to 100 nm (N=0 and λ in the visible range of the spectrum). While the deposition of thicker film can be readily 
achieved by using the PECVD technique, the fabrication of very thin layer can be problematic. Moreover, this deposition 
process is characterized by a step coverage ≠ 1, meaning that the vertical cladding layers will result thinner (~25-30%) 
than the horizontal ones [15]. This effect is intrinsic to the PECVD deposition process and it causes that the vertical 
layers do not fulfil the antiresonance condition (1), in this way leading to an increasing of the overall propagation losses 
in the waveguide. These factors could represent a relevant drawback in the fabrication of ARROW waveguides for 
sensing applications. The low pressure chemical vapour deposition (LPCVD) technique, processing at much lower 
pressure than PECVD, is often used in order to achieve a better conformality of the deposited film. However, 
conformality and film thicknesses uniformity over large area, complex-shaped substrates, are hard to obtain even with 
such a deposition technique. 
These limitations can be overcome by using Atomic Layer Deposition (ALD) process. The ALD process is a self-
limiting process with an average deposition rate very low (usually less than a nanometer per cycle). One of the most 
important advantages of this technique is that it allows the deposition of very thin cladding layer (sub-100nm) with an 
excellent conformality, reproducibility and with a high precision over the resulting thickness [16]. Furthermore, this 
technique permits to considerably reduce the surface roughness, a suitable aspect for optical employment as it allows a 
strong reduction of optical scattering.  
Using ALD ARROW waveguide were fabricated by alternating layer of silicon dioxide and titanium dioxide (n=2.49), 
where the deposition of the titanium dioxide is realized by ALD deposition technique. The TiO2 layer thickness is 
d1=75.4nm (N=0). Among the possible dielectric materials that can be deposited by ALD (i.e. TiO2, Al2O3, MgO), we 
have chosen the titanium dioxide as it provides the higher index contrast with the SiO2. The TiO2 film deposition was 
carried out by alternately exposing the substrate to volatilized TiCl4 and H2O as the precursor of titanium and oxygen, 
respectively. The precursors are introduced into the chamber with N2 as carrier gas, which is also used to purge the 
chamber from the excess reaction product. The cycle time for the precursor is 1s while the purge period between reactant 
pulses was 2s after TiCl4 exposition and 3s after H2O exposition. The film was growth at a temperature of T=300°C with 
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a deposition rate of 0.56 Å/cycle. These process parameters were previously optimized in order to obtain a step coverage 
of ~1. The thickness distribution of the produced layer was measured with a spectroscopic ellipsometer, resulting in a 
root mean square (rms) value of the of 0.3nm on the wafer area. 
The waveguide exhibits a fundamental waveguide loss of 5.22cm-1 that is in a good agreement with the simulated one 
5.11cm-1. These results confirm that the ALD process for realizing the first cladding layer of a liquid core ARROWs 
permits to obtain an optimized structure with very good optical performances [13]. 
 
 

3. ARROW WAVEGUIDE BASED OPTOFLUIDIC DEVICES 
 
In this section, we report three optofluidic devices based on liquid core ARROW waveguide. A 2X2 multimode 
interference coupler and two Mach Zehnder interferometers. 

3.1. ARROW-BASED 2×2 MMI COUPLER 
 
Integrated multimode interference (MMI) devices have become very useful and popular due to their excellent 
performances such as large optical bandwidth, compactness, and relatively easy fabrication [17]. MMI devices are based 
on the self-imaging property of multimode propagation in waveguide. However, in most applications MMI operates as 
passive component and only few examples of their use as active component has been investigated. In particular, tuneable 
devices have been realized in semiconductor based solid core waveguides by localized refractive index changes in the 
MMI region by current injection . As concerning hollow core waveguides, examples of optical switch and filter based on 
mechanical tuning of MMI geometry have been proposed [18-20]. 
Here we present the fabrication and the characterization of a 2×2 optofluidic multimode interference coupler based on a 
liquid core antiresonant reflecting optical waveguide (ARROW). In the proposed devices the refractive index of liquid 
core can be continuously changed by replacing the fluids within the core. In this way, the optical properties of the device 
can be easily tuned, allowing for the realization of a reconfigurable MMI coupler.  
In Fig.2 the schematic layout of the proposed 2×2 MMI coupler is depicted. The two input (IP1 and IP2) and output ports 
(OP1 and OP2) of the MMI device are monomodal ARROW waveguides with the same fundamental mode ψi while the 
MMI region is designed to perform a single mode operation in the vertical transverse dimension (y direction) and a 
multimode operation in the other (x). The theoretical analysis of the self-imaging will thus be investigated by considering 
the 1D structure in the x direction.  
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Fig.2 Schematic top view of the proposed 2×2 MMI coupler. 

 
By defining Lπ as the beating length of the two lowest-order modes [17]: 
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The minimum distance at which we get the mirrored image of the input field occurs is [17]:  
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The proposed configuration has LMMI=L so to reproduce an input field on the IP1 (IP2) in a mirrored single image on the 
OP2 (OP1) by means of the multimodal interference. 
The device exhibits interesting spectral filtering properties related to the wavelength dependence of self-imaging 
principle [20]. In fact, the transmitted intensity at a fixed wavelength, depends on the overlap between the field of the 
multimode ARROW waveguide at z=L and the modal field of the output waveguides. The maximum overlap is reached 
at the wavelength LWn4 2

xc=λ  (see eq. (4)) for which a single replica of the input field is obtained. Whereas, at 
different wavelengths the coupling coefficient drops. Furthermore, for a fixed the length L and width Wx of the MMI 
region, the wavelength that fulfill the self-imaging condition depends on the refractive index nc of liquid core. This 
implies that these filtering properties can be easily tuned by simply exchanging the fluids within the core. 
The device has been fabricated by LPCVD deposition. The input and output waveguides have a core dimension of 
10x5μm2. The width of the MMI region is  Wx=29.25µm. Assuming as refractive index for the liquid core nc=1.325 
(methanol), the length of the MMI region resulting from eq. (4) is LMMI=L~7557μm. The design wavelength is λ=600nm. 
In Fig.3 a scanning electron microscope (SEM) picture of the bottom wafer of the fabricated devices is illustrated.  
 

 
 

Fig.3 SEM picture of the bottom wafer of the fabricated devices. 
 

The fabricated device has been characterized by coupling an unpolarized light from a white lamp into the input 
waveguide (IP2) using an optical fiber (10μm core diameter). A collecting fiber with a core diameter of 10μm has been 
used for the transmission measurements. The transmitted light has been sent to a CCD spectrometer (range λ=350 to 
800nm) for the spectral characterization. The recorded spectra have been normalized to white lamp spectrum. 
In Fig.4 the experimental results for the MMI filled with methanol (MMIm)are shown. The spectra are normalized by the 
larger value of the maxima of two curves. As expected, the device demonstrates spectral filtering properties that can be 
explained taking into account the self-imaging principle and the ARROW structure.  
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Fig.4 Measured transmitted spectra from OP1 (Solid Line) and from OP2 (Dashed line) of the MMI methanol-filled device. 
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From the measured spectra we have estimated an extinction ratio of ~25 dB between the two output waveguides at 
λ~600nm. Whereas, the device behaves as a power splitter at λ=405nm, λ=545nm and λ=665nm. From these results we 
can conclude that at λ~600nm the replica of the input field is obtained on the OP1.  
In Fig.5 are illustrated the measured transmitted spectra from the two output ports for the ethanol-filled device (MMIe). 
The results show essentially an overall red-shift of the spectra in comparison with the methanol-filled devices. This shift 
is related to self-imaging effect and not to the ARROW structure that exhibits a blue-shift as the refractive index of the 
core increase [11]. In this configuration the device shows splitting capability at λ~405nm and λ~563nm, while at 
λ~610nm the device behaves as a filter, with an extinction ratio of ~23dB. 
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Fig.5 Measured transmitted spectra from OP1 (Solid Line) and from OP2 (Dashed line) of the MMI ethanol-filled device.  

 
In order to highlight the tunability of the device as a function of the refractive index core, in Fig.6 the spectra 

transmitted from the MMIm and the MMIe has been shown. As can be observed, at λ=545nm the ratio between the 
transmitted intensity from the two output waveguides of the MMIm, measured from the spectra, is (I1/I2)m~1 while for 
the MMIe at the same wavelength is (I1/I2)e~0.2. At λ=563nm, conversely, is (I1/I2)e~1 and (I1/I2)m~9. These results show 
that the power splitting ratio into the two output ports can be tuned in a large range by simply replacing the fluid filling 
the core. 
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Fig.6 Measured transmitted spectra of the MMIm device (Dashed Line) and MMIe device (Solid line). 

 
In order to fully evaluate the splitting performance of the device, we have captured the images of the field profile 

transmitted from the output waveguides at different excitation wavelengths. The transmitted intensities have been imaged 
through a microscope objective on a CCD camera. The recorded direct output images from MMIm and MMIe at 
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λ=545nm and λ=563nm are reported in figure 7. 
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Fig.7 CCD captured output intensity distribution from the OP1 and OP2 of the MMIm and MMIe at λ=545nm and λ=563nm. 

 

3.2. 1st generation optofluidic Mach-Zehnder interferometer 
 
In conventional integrated Mach-Zehnder interferometers (MZI), based on solid core waveguides, the phase shift is 
induced in one arm by a variation of effective refractive index of the waveguide [21-24]. In this approach the interaction 
between the light and surrounding liquid medium is related only to the evanescent part of the modal field. So, in order to 
get a substantial variation at the output of the MZI for high efficiency detection, it is necessary use nanodevices or very 
long interaction lengths [22,24]. 
In our MZI configuration, based on ARROW waveguide, since the mode field is almost completely confined into the 
liquid core of the waveguide, the interaction of the sample and field is strongly enhanced as compared to solid core MZI 
[14]. In figure 8 a schematic layout of the optofluidic Mach-Zehnder interferometer is reported. Light is coupled into the 
first straight waveguide and then splits by a y-junction into the left and right arms. The y-junction is composed of two 
different cos-shaped bends both shaped to reduce the bend losses.  
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Fig. 8. Schematic layout of the optofluidic Mach Zhender interferometer. 
 
The interferometer arms have a different optical length (L1, L2). For a fixed input wavelength λ,the phase difference 
accumulated at the output is 
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Two asymmetric MZ configurations (MZ1 and MZ2) were fabricated varying the maximum separation between arms and 
the y junction parameters. Fig.9 shows the SEM images of the y-junctions of the two MZ interferometers. The images 
illustrate the lower wafer before adding the upper wafer on top of it. 
 

 

Fig. 9. SEM images of the y-junctions of the two MZ interferometers. 
 

In the MZ1 configuration the maximum distance between the left and right branch is Δd=310μm and the bends radii are 
R1=28.50 mm and R2=85.6 cm, respectively. Such an asymmetric configuration give rises to a length difference between 
the two arms of ΔL=17.05 μm. The y-junction parameters for the MZ2 configuration are Δd=510 μm, R1=17.10 mm, 
R2=85.6 cm and ΔL=47.30 μm. In both configurations the total length of the devices is L=15 mm and the required core 
volume is about 1.5nl. 
The devices was characterized using an unpolarized white lamp end-coupled into the waveguide core through an optical 
fiber with a 50 μm core diameter. The transmitted light was collected with an optical fiber (50 μm core) connected to a 
CCD spectrometer (range 550÷950nm). The open-ended hollow waveguide core was filled with methanol (nc=1.325) by 
capillary effect due to the very small dimension of the device. For the precise alignment of all components a micrometer 
translation stage has been used.  
The transmitted optical intensity at the output in a MZ interferometer is  
 

( )ϕΔ+∝ cosV1I       (6) 
 
where the phase difference ϕΔ  is given by eq.(1), ( )MinMaxMinMax II)II(V +−=  is the visibility of the interferometer. 
In fig.10 the spectra transmitted from the MZ1 and MZ2 are reported. The intensities are normalized to the maximum of 
the spectrum respectively.  
The total loss from the input to the output of the devices is 42 dB for MZ1 and 45 dB for MZ2. The transmitted spectrum 
is the result of the spectral properties of the ARROW waveguide and the MZ interferometer. From these figures, we 
recognize the typical spectral behavior of an antiresonant reflecting optical waveguide with broad antiresonant peak 
centered around the design value (λ=633 nm) and the interference pattern of the Mach-Zehnder interferometer. From the 
measured transmitted spectrum we have evaluated a free-spectral range of FSR1 ≈16.5nm for the MZ1 and of 
FSR2≈5.8nm for the MZ2. These values are in good agreement with the expected free spectral range of FSR1≈16nm and 
FSR2≈6nm.  
The visibility measured from the spectra (i.e. the difference between maximum and minimum of the subsequent fringes 
in the interference pattern) is V1=0.453 for the MZ1 and V2=0.375 for the MZ2. The low visibility values depend on the 
strong intensity unbalance of the beams in each arm. This unbalance is essentially due to the different bend losses of the 
two arms. 
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Fig.10 Measured interference pattern for the Mz1 (FSR ≈16.5nm). 

 

550 600 650 700 750
0

0.2

0.4

0.6

0.8

1

λ [nm]

N
or

m
al

iz
ed

 o
ut

pu
t i

nt
en

si
ty

 [a
.u

.]

 

Fig.10 Measured interference pattern for the Mz2 (FSR≈5.8nm). 

3.3. 2st generation optofluidic Mach-Zehnder interferometer. 
 
In the 1st generation of optofluidic MZI the device is realized by two y-junctions each one composed of two different 
cos-shaped bends [14]. However, as previously reported, this asymmetric geometry induces a strong intensity unbalance 
of the beam in each arm due to the different bend losses with a strong degradation of the device’s performances due to 
the low visibility of the interferometer. 
In order to overcome this problem, we have designed a novel geometry in order to minimize the intensity unbalance 
between the two arms also for high asymmetric Mach-Zehnder configurations. The device is based on T-branches and 
90°-bent waveguides. This configuration permits to obtain very high visibility values with a strong improvements on the 
sensitivity of the device.  
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A schematic layout of the MZI is reported in fig.11. Light is coupled into a straight waveguide followed by a taper with a 
starting width pf 10 μm  and a final width of 20μm .The taper length is 500μm. At the first T-branch the light is equally 
splitted into the upper and lower waveguides and recombined at the T-branch on the left. This configuration permits to 
realize a very compact device with a total length only L=2.5 mm and with required liquid volume is about 0.16nl. 
In this case the devices has been characterized using diode laser with a central wavelength of 660nm coupled to a single 
mode fiber. 
 
 

 
 

Fig.11 Schematic layout of the 2st generation MZI.  
 
In Fig.12 is showed the measured transmitted spectra from the a MZI with a length difference ΔL=200μm between the 
two arms. The free spectral range (FSR) measured from the spectra around λ=660nm is 1.57nm, and agrees well with the 
theoretical one (1.60nm). Despite the MZI is strongly unbalanced, the measured visibility is 0.975, meaning an great 
improvement compared to the 1st generation MZI.  
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Fig.12 Measured interference pattern for the 2st generation MZI (FSR ≈1.57nm) 
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4. CONCLUSIONS 
 
Integrated liquid core ARROW waveguides are important components for optofluidic devices. Using silicon technology 
low loss ARROW waveguides have been fabricated also for single mode geometry. The feasibility of a optofluidic MMI 
coupler have been demonstrated. The coupling properties of the device can be tuned by changing the liquid waveguide 
core. Two novel  Mach-Zehnder interferometer have proposed and realized using ARROW waveguide. The 2st 
generation of optofluidic Mach-Zhender interferometer has shown very high performance that can be usefully employed 
in sensing applications 
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