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Abstract: We report on electro-optic modulation using a Lithium Niobate
(LN) Photonic Crystal (PC) cavity structure. The compact device (6 um in
length) consists of a 2D photonic crystal cavity made on an Annealed
Proton Exchange (APE) LN waveguide with vertical deposited electrodes.
Experimental results show a tunability of 0.6 nm/V. This compact design
opens a way towards micro and nano-scale tunable photonic devices with
low driving electrical power.
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1. Introduction

During the last 3 decades, there has been a great interest in photonic crystals (PCs) due to
their ability to manipulate photons and to their potential applications in ultra-compact
photonic devices [1, 2]. By replacing standard optical devices by the equivalent PC optical
devices, a considerable size reduction can be achieved [3, 4], leading to micro and nano-scale
switches, modulators, etc. In the perspective of integrating dense optical circuits on small-
scale, tunable PCs present special interest. They typically consist of a periodic lattice of air
holes graved into a dielectric substrate in which the optical properties are modified
alternatively by an external physical signal such as electric or magnetic field, temperature,
strain, etc [5—11]. In the case of silicon and other semiconductor materials, tremendous
progress in photonic crystal fabrication has been made. However, up to now, electro-optically
tunable PCs in silicon have limited tunability and modulation because of their low free carrier
dispersion coefficient [12, 13] which leads to small attainable changes in the refractive index.

In the purpose of obtaining complex integrated photonic device such as ultra-compact,
high speed and low power consumptions switches, modulators, etc., lithium niobate (LN) is a
perfect candidate. The choice of LN is motivated by its numerous multi-physical properties,
such as electro-optic, acousto-optic, etc. In previous works, we have fabricated LN photonic
crystals of square lattices and shown an experimental realization of a tunable photonic band
gap (PBG) [5]. One additional step is achieved in this work towards the fabrication of a
tunable, low-voltage and micrometric-sized electro-optic intensity modulator based on PC
cavity.

In addition, we demonstrate that the electro-optic tunability of a PC Fabry-Perot (FP)
cavity can be significantly enhanced if the device operates at the cavity mode. It is well
known that nonlinear effects can be enhanced in slow light regime as a result of the
compression of the local density of states [3]. Here, slow light is exploited to enhance the
electro-optic tunability [5, 10] of a LN PC cavity, the enhancement is improved with respect
to previous works [10] thanks to vertically deposited electrodes. Moreover, the active length
of interaction is only of 6 pm with an efficient tunability of 0.6 nm/V and a relative low
driving electrical power (10 dBm).
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2. Device design

A schematic of the proposed FP cavity PC is depicted on Fig. 1. An Annealed Proton
Exchange (APE) process is firstly done on the congruent LN substrate to obtain vertical light
confinement. In the lateral direction, optical grade dicing [14, 15] is used to obtain a ridge
waveguide of 17 um wide and 50 pm deep containing the APE waveguide. Waveguiding is
then achieved by injecting a TE-like mode on the end facet of the APE waveguide when an X-
cut LN wafer and Y-propagation are chosen.

The PC structure (see Fig. 1) consists of a triangular lattice of air holes oriented along the
I'M direction. The FP configuration, one line of defect perpendicular to the light propagation
direction, is composed of 5 rows of holes from each side of the defect line.

Electrode
d=50pm
e=21m

Fig. 1. Schematic of the PC F-P cavity modulator.

Plan Wave Expansion (PWE) with supercell technique simulations have been performed
in order to obtain the dispersion diagram of the structure. A FP cavity mode corresponding to
the flat band inside the PBG at a/A = 0.36 of Fig. 2 is obtained for r/a = 0.3, r is the air hole
radius and a = 563 nm is the hole periodicity. This last parameter is set so that the operating
wavelength value is A = 1550 nm.

For this flat cavity mode where light slowly propagates, nonlinear effects could
significantly be enhanced. In the present work we focus on the enhancement of the electro-
optic effect. This enhancement can be quantified with the local field factor [10, 16].
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Fig. 2. Band structure of the PC FP cavity.

In fact, the index of refraction variation in LN is described by the Pockels effect and it is
written as:

1 74
An=_5n3r33fuirfelz (1)

Here, n is the index of refraction of LN, r; is its electro-optic coefficient, f, and f,,
are the local electrical and optical field factors respectively [17, 19], V is the applied voltage
and L is the distance between the two electrodes. The factor f,, = 3.02 is calculated as
described in previous work [10]. The local electric field factor f,, is numerically estimated by

finite element simulations. In our case, we use the commercial software Comsol with a
configuration of vertically deposited electrodes which are placed parallel to the light
propagation (see Fig. 1). For illustration, the electric field distribution with an applied external
10 V voltage is shown on Fig. 3. The real ridge structure with vertically deposited electrodes
has been taken into account for simulations. The factor f,, is determined by the ratio of the

electric field inside PC cavity structure ( E,.) over the electric field without PC cavity ( £, ).
In this case, f,is around 2.25. This value is slightly higher than for planar electrodes.
Consequently, the theoretical total enhancement factor ( f,;, f.;) of the electro-optic effect,

which is in fact the overlap between optical field and electrical field, is of ~20.5. This value
can be enhanced by increasing the number of the rows of air hole from each side of the defect
line at the expense of transmission signal decrease. The current design, 5 rows in each side of
cavity is a suitable compromise.
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Fig. 3. Normalized static electric field distribution inside and around the LN PC FP cavity
structure.

3. Fabrication
3.1. Hybrid waveguide

APE LN waveguide was fabricated on a 500 um thick X-cut LN wafer, which is sandwiched
by a ridge waveguide (see Fig. 1) as mentioned before. The different steps of the fabrication
process are shown in Fig. 4. The first step consists of creating vertical light confinement. This
is achieved by fabricating an APE waveguide through a SiO, mask (Fig. 4(a) and 4(b)). The
proton exchange is performed with benzoic acid at 180°C for 2 hours which is followed by an
annealing of the optical waveguide at 333°C for 6 hours. This produces a TE-polarized guided
mode [5, 10, 16] centered at about 1.7 pm below the surface.

The second fabrication step is the fabrication of the ridge structure. A ~2.5 um thick layer
of resist S1828 is homogeneously spread out on the sample (Fig. 4(c)) for protection
purposes. An optical grade dicing machine with a circular precision saw (DISCO DAD 321)
is used to create the ridge [14,15] (Fig. 4(d)) .

(a) (b) (©)
Mask Si02 APE process Deposition $1828

\ - LN i_>/—,:

Lift-off Deposition Aluminum Optical Grade Dicing

Fig. 4. Flow chart of the hybrid waveguide fabrication.

The next step consists of the electrodes fabrication on the vertical sidewalls of the ridge
waveguide. This is done by depositing 200nm of aluminum by sputtering technique (Fig.
4(e)), followed by a lift-off process obtaining the electrodes between both sides of the
waveguide region (Fig. 4(f)).

The top view of realization of the hybrid waveguide is shown in Fig. 5(a), the
experimental guided mode visualized with an infrared camera (HAMAMATSU: C2741-03)
and an Objective 40X at A = 1550 nm can be seen in Fig. 5(b).
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(c)

Fig. 5. (a) Top view SEM image of hybrid waveguide, (b) optical mode characterization of the
waveguide where white lines denote the ridge waveguide and (c) top view SEM image of the
fabricated PC FP cavity structure.

3.2. PC structure

The final step is to fabricate the PC on the hybrid waveguide. Holes are directly mechanically
engraved by Focused Ion Beam (FIB) milling. Figure 5(c) shows a SEM image top view of
the final structure.

4. Optical characterizations
4.1. Optical transmission

The optical transmission of the device is characterized using the experimental setup illustrated
in Fig. 6 (blue dashed path). A supercontinuum source (LEUKOS SM-20) and an Optical
Spectrum Analyzer (OSA from Anritsu MS9710A) are used. A polarization controller is
adjusted for a TE-like polarization in the APE waveguide. Light is coupled into the
waveguide using a Lensed Fiber (LF) with a focus spot size of 3 pm. Similarly, the output of
transmitted light is collected by another LF into the OSA. The normalized transmission
spectrum (the transmission spectrum of the waveguide + PC normalized by the spectrum
without the PC) through the PC cavity is shown in Fig. 7. The left photonic band edge located
between 1320 nm and 1430 nm is outlined by the gray area. An extinction ratio of almost 15
dB is experimentally measured.

W/7774

L=

T
. Polarisation 1B
upe{zc;:rmu } controllor e
KOS Su20) . @ LE : LE | (anritsu MS9710A
bl
ble ((0) =
64A)

LF \ OSA

(APEX-AP2040A)

.} sample

RF generator
(HP E44228)
orDC

Fig. 6. Experimental setup for optical transmission (blue dashed path) as well as tunability and
modulation performance (red solid path) characterizations. OSA indicates the optical spectrum
analyzer and LF the lensed fiber.
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Fig. 7. Normalized transmission spectra of the PC cavity structure for three different applied
voltage values (DC =0 V, 10 V and 20 V) and the inset figure is the zoom of the cavity region.

The cavity peak resonance is located approximately at 1552 nm if no external signal is
applied (DC =0 V). It is less evident to see it than in the theoretical prediction because of the
relatively large noise level and losses that can be attributed to the fabrication imperfections [5,
10, 16], as LN is a well known material for its resistivity to be etched [19].

Note that the oscillations in the transmission spectrum are explained by the Distributed
Bragg Reflector (DBR) effect [13, 20] that takes place inside this PC FP cavity structure,
especially for the APE waveguide since it processes a low contrast index of refraction.

4.2. Tunability

We have also tested the device performance tunability via the electro-optic effect. As it can be
seen in the inset of Fig. 7, the FP cavity resonance is blueshifted when the applied voltage
increases. We have measured this shift for different V as shown in Fig. 8(a), implying a
tunability of ~0.6 nm/V, which is 18.3 fold larger than r;; = 30.8pm/V. This experimental
result is in good agreement with the theoretical predictions performed by FDTD that give a
simulated tunability of ~0.7 nm/V.

To estimate the transmission dependence on the applied bias, we replaced the
supercontinum source by a tunable laser (HP 8164A) as shown in the red solid path of Fig. 6.
The operating wavelength was 1546 nm (located in the raising edge of the cavity peak
resonance). A high resolution OSA (APEX — AP2040A) with an optical resolution of 0.16 pm
(20MHz) was utilized to determine the transmission intensity. Figure 8(b) presents the
normalized intensity variations as a function of the applied voltage. A maximum of 11 dB
variation can be achieved for an applied voltage varying from ~- 4 V to ~8V.
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Fig. 8. Tunable performance of the device (a) wavelength shift as a function of applied voltage
(b) transmission as a function of applied DC for a wavelength of 1546nm.
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4.3. Modulation performance

The Intensity Modulation Frequency Response (IMFR) of the device has also been
experimentally investigated. As shown in Fig. 6 (red solid path), the output LF was coupled to
the OSA (Band C - AP2040A). In addition, a radiofrequency (RF) generator (HP E4422B)
was connected to the electrodes. To ensure a correct separation of the sidebands modulation,
the modulation frequency started from 50 MHz as the resolution of the OSA is 20MHz.
Figure 9 shows the output power difference between the sidebands modulation signal and the
laser (A = 1546nm) through the entire device as the modulation frequency increases from
50MHz to 2 GHz. To do that, the driving electrical power of the RF generator was fixed to 10
dBm which warrants the modulation performance operating in relative low signal regime.
Note that a compromise was found among the low driving voltage, the ratio of modulation
and the distortion of modulated signal. The global frequency response corresponds to a low-
pass filter which was expected since we had not optimized the electrodes for 50 Ohm
matching, and that creates the capacitive effect which limits the bandwidth of the device. We
see in inset 1 of Fig. 9, at the relative low frequency (160 MHz), the presence of the harmonic
generations but their intensities are significantly lower by 20 dB than the sidebands
modulation signal.
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Fig. 9. Difference between the output powers of the sidebands modulation signal and the laser
(1546 nm) for electro-optical modulation response through the entire device. The inset figures
illustrate the electro-optical modulation response showing the output powers of the laser (1546
nm) and the modulated sidebands signal at 1)160 MHz, 2)500 MHz, and 3)1000 MHz,
respectively.
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5. Discussion

From the results found in this paper, several improvements can be made especially in the
holes fabrication. In fact, the APE waveguide center mode is at 1.7 um from the surface while
the FIB milling at this depth produces conical shape holes due to material redeposition. Thus,
the device optical performances (losses, amplitude of resonant cavity peak, etc.) are degraded
[5, 20]. This could be bypassed by using thin LN films or air suspended membranes [20-25].

Another improvement on the electro-optic performance can be made by decreasing the
distance between the two electrodes. Currently, this distance is of 17 um and is determined by
the optical grade dicing resolution. Shorter distances between the 2 electrodes (for example
~8.5um) will double the electro-optic effect. This can be done easier with a dicing machine
that provides better cutting precision.

In addition, the electrodes are not 50 Ohm impedance matched. This limits the modulation
performance when the frequency grows up to the GHz range. More suitable electrode design
should easily overcome these limits and reach ultra-high speed modulation.

6. Conclusion

In summary, we have theoretically and experimentally demonstrated the feasibility of a
compact electro-optic modulator on a LN PC cavity structure with an active length of only 6
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pum by combining the slow light effect with vertical formed electrodes. This novel
configuration shows a tunability of 0.6nm/V, and the relative low driving electrical power
(10dBm) modulation has been characterized. By optimizing both the optical confinement of
high quality factor PC cavity and the electric performance (approaching the electrodes and
matching the impedance), we believe that more compact and low energy consuming
modulators operating in the GHz range may be realized.
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