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Abstract: Lab-on-Fiber technology is an emerging topic for sensing cutting-edge technologies 10 
due to the high versatility and functionality that it offers when it is combined with different 11 
sensitive materials. A particular configuration, which consists of the integration of 12 
nanophotonic structures into the tip of a pigtailed fiber, allows the exploitation of light 13 
localization performances to produce highly performing sensors. However, integrating such 14 
tiny structures into the fiber facet requires complex and expensive procedures. In this work, we 15 
report a novel high precision assembly procedure which ensures the parallelism between the 16 
photonic chip and the fiber surface, in addition to the alignment with the light injection into the 17 
nanostructure. The integrated structure consists of an ultra-compact (19 μm × 19 μm) Photonic 18 
Crystal Slab (PCS) structure based on a 700 nm thin film of lithium niobate (LN) which is 19 
sensitive to external E-fields via the electro-optic effect. Thus, the assembled sensor detects 20 
electric fields, presenting a great linearity and a sensitivity of 170 V/m. This technique shows 21 
a way to assemble compact planar nanostructures into fiber facets keeping high throughput, 22 
high precision and relatively low costs. 23 

1. Introduction 24 

Optical fibers are experiencing an important growth, in addition to data transport, also in the 25 
sensing field due to their unique versatility. They are nowadays employed in applications such 26 
as non-invasive medical surgery and structures damage monitoring [1,2]. Moreover, the 27 
measurement of other magnitudes such as temperature, refractive index, displacement, pressure 28 
and acceleration have been also demonstrated through the so-called Lab-on-Fiber technologies 29 
[3]. Recently, the progress in micro- and nanofabrication techniques is making possible the 30 
growth of fiber tip sensors whose functional area consist on photonic nanostructures integrated 31 
on the fiber extremity such as photonic circuits [4], allowing a new era the of ultra-compact, 32 
versatile sensors. Moreover, Guided Resonances (GRs) have been recently implemented on the 33 
fiber tip [5,6] due to the coupling efficiency of the fiber propagating mode with the photonic 34 
crystal (PhC) mode, in addition to the light localization and vertical confinement performances 35 
allowing light-matter interaction enhancement [7,8]. In a recent work from our group [9], a GR-36 
based fiber tip configuration is combined with lithium niobate (LN) in order to enhance its 37 
electro- optical performances producing an ultra-compact and distortion-free electric field 38 
sensing probe. Thus, a sub-micrometer free standing slab with a photonic crystal (PhC) is 39 
designed in a 700 nm TFLN membrane so that it can be integrated on the fiber tip. Despite the 40 
fact that the integration of bulk ferroelectric crystals on a fiber tip is a well-known approach 41 
[10] producing all-dielectric E-field sensing probes, the fiber tip approach based on the GRs 42 
has footprints that are thousands of times smaller than these massive crystal devices. The 43 
interest of reduced dimensions is very high since that, in addition to a submillimeter footprint, 44 
it offers clear advantages in terms of enhanced linearity with respect to the E-field, micrometer 45 
spatial resolution as well as extended bandwidth, only limited by the LN intrinsic bandwidth 46 



which is in the order of tens of THz. However, the nanofabrication of LN-based PhC with 47 
nanometric precision on LN is still limited to the use of the Focused Ion Beam (FIB) technology 48 
[11] or e-beam assisted IBEE techniques [12], which supposes a constraint on the PhC 49 
dimensions. Consequently, the mentioned fiber tip E-field sensor [9] utilizes a PhC with an area 50 
of 19 μm × 19 μm which requires, due to its compact size, more complex and expensive systems 51 
such as the FIB system for the precise welding between the PCS and the fiber facet. This 52 
process, due to its serial nature, generally lasts several hours for each sensor head, leading to a 53 
low throughput-integration process remaining still far from massive production procedures. As 54 
an alternative, transfer-printing techniques based on epoxy solutions have been employed for 55 
reducing assembly costs for the welding [13]. However, some constraints remain concerning 56 
the parallelism between the fiber and the photonic structure. A promising technique using a 57 
camera as feedback loop for the optimization of the angle between both surfaces has been 58 
recently reported [14]. Nonetheless, this technique does not take any optical response 59 
information as feedback and, as a consequence, the device can only be tested at the end of the 60 
assembly. In this paper, we demonstrate a cost-efficient assembly method which simplifies the 61 
previously mentioned techniques. Thus, a system based on a stretchable sample holder ensures 62 
the parallelism between both surfaces when applying a vertical force, removing the need of 63 
complex rotational systems. In addition, an active positioning system is also implemented 64 
which allows, by observing the spectrum of the GRs during the assembly, the control of 65 
different parameters such as the beam centering. This novel assembly method can be easily 66 
used for the batch production of different GR-based fiber tip sensors, for a large range of 67 
applications, beyond E-field sensors, like the measurement of physical parameters such as 68 
pressure, refractive index, temperature, etc. 69 

2. The stretchable membrane concept 70 

The fiber-tip E-field sensor developed in this work is sketched in Fig. 1(a,b). An optical fiber 71 
is pigtailed by a ferrule to obtain a surface wide enough to act as a support for 3mm-diameter 72 
photonic chip which represents the sensing part of the device. The chip contains a PhC 73 
structure which is designed on a 700nm-thick membrane of X-cut LN centered to the optical 74 
fiber core.  75 

 76 
Fig. 1. Rendered images of (a) the fully assembled fibered sensor head and (b) sectional cut. 77 

 78 
 79 

The membrane is based on a rigid 380μm-thick substrate where only a 250μm-diameter circle 80 
located at its center defines the shape of the free-standing membrane. This configuration acts 81 
as a protection crown for the PhC whose sensor performances depend on. The PhC geometry 82 
study and optimization are beyond the scope of this work but explained in detail in [15]. This 83 
thin free-standing PCS can be fabricated from thin film Lithium Niobate-on-insulator (LNOI) 84 
wafers, which are nowadays commercially available thanks to ion slicing techniques [16]. The 85 



fabrication of the PCS on the LN suspended membrane has been assessed in a recent work [11], 86 
demonstrating that highly precise and reproducible spectral performances are achievable. 87 
However, the existence of an angle θ between the fiber facet and the PhC plane may produce a 88 
serious deterioration of the optical performances, strongly increasing the losses, as 89 
demonstrated in [9]. Moreover, the macroscopic size of the ferrule makes even more critical 90 
the control of the parallelism since bigger airgaps, between the PCS and the fiber, are 91 
introduced when θ > 0, as depicted in Fig. 2(a). 92 

This non-parallelism angle can be minimized to negligible levels by replacing the rigid sample 93 
holder by a stretchable membrane. Thus, by applying a force, the membrane is bent, reducing 94 
the angle error as shown in Fig. 2(b). The applied force may break the 700nm-thick free-95 
standing membrane. However, the rigid Si-substrate gives enough robustness to the chip to 96 
keep its integrity during the process. Once a strong force is applied to the stretchable membrane, 97 
both surfaces are forced to θ ≈ 0. Then, the epoxy glue can be applied to weld the ferrule and 98 
the TFLN which contains the PhC. The applied force on the ferrule towards the chip produces 99 
the necessary friction to avoid any displacement of the different elements that can be induced 100 
during the epoxy deposition. The epoxy is hardened during 3 hours at room temperature and 101 
then the ferrule is pulled back, leading to the assembly sketched in Fig. 2(d). The TFLN is 102 
directly in contact with the ferrule surface in order to minimize the air- gap between both 103 
surfaces that might lead to Fabry-Perot effect that can deteriorate the spectral performances. As 104 
sketched in Fig. 2(d), the chip diameter is slightly higher than the ferrule diameter in order to 105 
avoid the epoxy to be deposited on the PhC side. However, issues such as aligning both fiber 106 
and PhC centers or ensuring the optimal optical response are not considered in the standalone 107 
approach. For this reason, we assist the stretchable membrane approach by an active positioning 108 
system as further described. 109 

 110 
Fig. 2.  Assembly of the ferrule-PCS: (a) Fiber approach to the PCS. (b) Pushing the fiber towards the stretchable 111 

membrane. (c) Epoxy deposition. (d) Fiber-tips sensor release. 112 

 113 
 114 

3. The Assembling system  115 

The experimental system which fulfills the mentioned requirements is represented in Fig. 3. 116 
The system employs a supercontinuum source which allows a broadband characterization of 117 
the transmission spectrum during the assembly. In order to measure the transmitted spectrum, 118 
the light is firstly polarized in free space as the photonic crystal structure presents different 119 
Fano resonances as function of the incident polarization. Then, the laser is introduced into an 120 
inverted microscope which, using an 20x optical objective, injects the light precisely into the 121 
PhC structure. The alignment process requires the observation of the laser beam with respect 122 



to the PhC surface. For this reason, a VIR/NIS is introduced next to the objective to perform a 123 
first coarse alignment. The sample is, as previously described, located on a stretchable 124 
membrane.  125 

 126 
Fig. 3.  Experimental system including the dynamic positioning features. 127 

 128 

To avoid any perturbation to the microscope observation, the membrane presents a hole at its 129 
center. At this point, the ferrule can be approached by employing a 3-axes nano-precision 130 
piezoelectric to an approximate distance of 1μm away from the PhC. The ferrule can be firstly 131 
aligned by introducing any VIS/NIR light into the fiber, which transmits through the PhC and 132 
is captured by the camera. Once aligned, the supercontinuum light is collected by the ferrule 133 
and monitored by an Optical Spectrum Analyzer (OSA). The transmission at this distance is 134 
shown by the blue curve in Fig. 4(a), which is normalized with respect to the transmitted 135 
intensity of the cross polarization 136 



 137 

Fig. 4. (a) Normalized transmission spectra for the free-standing PhC (blue) and for the assembled PCS (red). (b) 138 
Comparison of both transmission (blue) and reflection (red) of the assembled PCS. 139 

A sub-micrometer precision alignment is performed by optimizing both transmitted power and 140 
spectral extinction ratio as a function only of the x and y axes, reducing the degrees of freedom 141 
to the translation of x and y. Then, the epoxy is applied with an adjustable pipette. After 1 hour 142 
of curing, both trans- mission and reflection spectra are characterized. The resulting 143 
transmission spectrum from the assembly, represented by the red curve in Fig. 4(a), reveals that 144 
the spectral slope remains above 0.6dB/nm and does not degrade after the assembly. However, 145 
a shift of the resonant wavelength of approximately 5 nm is observed between both curves 146 
which can be attributed to the correction of the angle θ that changes the light incidence angle 147 
into the PhC [17]. In order to obtain the reflection measurement, the supercontinuum source is 148 
plugged into the optical circulator. Since the PhC structure is polarization sensitive, the light 149 
injected into the ferrule has to be linearly polarized and aligned with the PhC structure. For this 150 
reason, a fiber stretching system is installed prior to the optical circulator. A feedback loop for 151 
the polarization control can be set by inserting a linear polarization analyzer to the camera, 152 
whose axis is aligned with respect to the PhC. The reflection spectrum is represented by the red 153 
curve in Fig. 4(b). It can be observed that both curves are complementary.The assembled sensor 154 
head is depicted in Fig. 5(a). The photonic chip, the fiber ferrule and the fiber can be clearly 155 
distinguished. A SEM picture of the photonic chip, before its assembly onto the ferrule, is 156 
shown in Fig. 5(e). As previously described, most of the chip contains the 370μm-thick Si 157 
substrate insuring robustness to the sensor head. Despite its circular shape, the chip presents a 158 
cut on a side in order to mark the orientation of the PhC and the LN crystallographic axes. 159 



 160 

Fig. 5. (a) Assembled sensor. (b) SEM picture of the sectional cut in a border of the membrane. (c) Top view of the 161 
free-standing membrane with the PhC structure in the middle. (d) PhC structure on the free-standing membrane. (e) 162 

SEM image of the chip with the membrane and the PhC 163 

 164 

At the center, the 250 μm-diameter free-standing membrane can be identified due to its darker 165 
tone, produced by the lower reflection of the SEM electrons induced by its ultra-thin thickness 166 
in comparison with the non-released areas. The membrane is zoomed in Fig. 5(c), where the 167 
PhC, whose sectional cut view shown in Fig. 5(d), is located at the center of the membrane. We 168 
notice that a bright square can be distinguished which corresponds to a drift-correction mark 169 
employed during the FIB fabrication. 170 
 171 

4. Electric field sensing measurements 172 

Due to the electro-optic (EO) properties of LN, any applied electric field along the 173 
crystallographic Z-axis will induce a linear modification of the refractive index with respect to 174 
the electric field. This modification leads to a shift on the resonant frequency of the Fano 175 
resonance. Thus, a continuous wave (CW) source has to be employed, whose wavelength is 176 
located within the Fano spectral slope. The CW light is then modulated by the applied E-field, 177 
whose modulation strength can be optimized by setting the wavelength at the maximum spectral 178 
slope of the Fano resonance [11]. In order to evaluate the EO performances, the fibered sensor 179 
is approached to a PCB (printed circuit board) containing two coplanar transmission lines where 180 
a time-variant periodic signal is applied as depicted in Fig. 6(a). The tunable source wavelength 181 
is set at 1576 nm ensuring the optimal EO modulation strength and linearity with respect to the 182 
applied E-field [9]. Thus, a time-variant periodic signal is applied on the coplanar lines. During 183 
this experiment, the distance between the PC and the electrodes is approximately 600 μm. In 184 
addition, the position along the x axis is set to be a at the center of the gap region between the 185 



two electrodes since, as determined through electrostatic Finite Element Method (FEM) 186 
simulations, the maximum E-field value is located in this region as depicted in Fig. 6(b). The 187 
frequency of the introduced signal is set to 178 kHz due to an optimization of crosstalk 188 
interferences with other equipment surrounding the system. Moreover, the parameters of the 189 
network analyzer have been optimized to minimize the noise floor which has been estimated to 190 
be about −132.5 dBm. 191 

 192 
Figure 6: (a) System for the measurement of the E-field sensing. (b) Spatial distribution of the E-field induced by 193 

electrodes. (c) Experimental variations of the EO modulation with respect to the applied E-field. 194 
 195 
 196 

The reflected light, which carries the modulation signal, is introduced in a fast photodiode. The 197 
detected signal is split into high and DC signals by using its respective electrical filters. The 198 
DC signal carries the information about the reflected power in the absence of any E-field. This 199 
is useful since other factors such as a temperature change or deformation of the structure may 200 
add a shift of the resonant wavelength, displacing the optimal operation point. Thus, by 201 
monitoring the DC signal, the stability of the Fano sensor during its operation can be observed. 202 
On the other side, the RF signal carries the E-field information. Thus, the signal is collected in 203 
a network analyzer whose measured bandwidth is represented in the inset of Fig. 6(c). The 204 
measured modulation frequency (f = 178 kHz) corresponds to the one at the frequency 205 
synthesizer and it exhibits an EO modulation strength greater than 30 dB with respect to the 206 
noise floor. The linearity of the device as a function of the E-field strength is assessed by 207 
varying its value from 40 V/m to 4 kV/m. The resulting EO modulation strength is represented 208 
in Fig. 6(b) in function of the applied E-field. A linear regression fit demonstrates a notable 209 
linearity, revealing the absence of non-linear effects strong enough to distort the linear 210 
operation regime. However, under 250 V/m the regression error increases probably due to the 211 
noise. Furthermore, the intersection between the noise floor and the linear regression 212 
determines the minimum detectable field whose value is estimated to approximately 170 V/m. 213 

5. Conclusions 214 



We have developed a procedure for the assembly of PhC structures on the tip of an optical fiber. 215 
The technique presents several advantages with respect to other solutions. First, the stretching 216 
membrane simplifies the alignment procedure and decreases the alignment degrees of freedom 217 
from 5 to 2. Secondly, the technique includes dynamic positioning features allowing the 218 
observation of the photonic crystal optical response during the x-y axis optimization, allowing 219 
a sub-micrometer precision. This solution can be also employed for the integration of LN thin 220 
layers, also as well as for a broad range of materials that provide different functions such as 221 
temperature, pressure and media sensing. Furthermore, the technique requires relatively 222 
inexpensive equipment and may provide high throughput being compatible for batch process 223 
for the future industrialization of lab-on-fiber sensors. 224 
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