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Abstract: LN photonic wires of cross-section dimensions down to 1 x 0.73
um’® were fabricated by Ar milling of a single-crystalline LiNbO; (LN) film
bonded to a SiO,/LiNbO; substrate. Mode intensity distributions,
propagation losses, and group indices of refraction were measured at 1.55
pm wavelength and compared with simulation results. Moreover, effective
mode indices and end face reflectivities were numerically evaluated. The
waveguide of 1 um top width is the smallest LN photonic wire reported to
date; it has a mode size of ~0.4 um” (0.5 um?) only and propagation losses
0f 9.9 dB/cm (12.9 dB/cm) for qTM (qTE) polarization.
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1. Introduction

Strongly guiding Lithium Niobate (LiNbO;, LN) channel waveguides of high refractive index
contrast have attracted growing interest during the last years [1-7]. They enable ultra-small
waveguide cross-sections below 1 um® (photonic wires) and bending radii smaller than 10
um, enabling the development of ultra-compact photonic integrated devices and circuits. In
contrast to photonic wires in silicon on insulator (SOI) [8], LN offers excellent electro-optic,
acousto-optic, and nonlinear optical properties [9]; moreover, it can be easily doped with rare-
earth ions to get a laser active material [10]. Therefore, LN photonic wires will enable the
development of a wide range of active integrated devices. They comprise electro-optical
modulators, tuneable filters, nonlinear wavelength converters, and amplifiers and (tuneable)
lasers of different types. Due to high mode intensities even at moderate optical power levels,
devices of high efficiency can be expected.

Up to now, LN photonic wire structures of cross-section dimensions down to 2 x 0.6 pm?
have been reported, however, without loss data [6]. Somewhat earlier, propagation losses of 4
cm™' (17 dB/cm) were observed in a similar structure, but of larger dimensions (4 x 0.6 pmz)
[3]. They were fabricated using “smart-cut” LN layers bonded to BCB on a LN substrate
[3,6]. Using such waveguides, even tuneable ring resonators have been developed [3].

Despite these impressive results, further progress is needed to develop smaller photonic
wires of better passive waveguide properties comparable with those of SOI-based structures.
Only then a full exploitation of the electro-optic and nonlinear properties of LN photonic
wires will be possible. Therefore, we used “LNOI” (LN on Insulator) samples as starting
material to fabricate LN photonic wires. “LNOI” was recently developed a full wafer
technology (3 inch diameter) analogous to the fabrication of SOI wafer [11]. It consists of a
single crystalline LN layer crystal bonded to a SiO, layer deposited by plasma enhanced
chemical vapour deposition (PECVD) on Z-cut LN. In contrast to the BCB bonded material,
annealing at much higher temperatures is possible. This is important to minimize ion-
implantation induced material damage and to recover in this way electro- and nonlinear
optical properties [12]. Moreover, high temperature annealing contributes significantly to a
reduction of the surface roughness of LN ridge guides [13].

In this paper we report the fabrication and optical characterization of LN photonic wires of
a cross-section down to ~1 um® using directly bonded LNOI of 730 nm LN thickness as
starting material. Photonic wires of 1-7 um top width were photolithographically defined and
fabricated by Ar-milling. Mode intensity distributions, propagation losses, and group indices
of refraction were measured at 1.55 um wavelength and, whenever possible, compared with
simulation results. Moreover, effective mode indices and end face reflectivities were
numerically evaluated. The structures with a top width of 1 um and mode cross sections of
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~0.4 um” are the smallest LN photonic wires reported to date; they have propagation losses of
9.9 dB/cm only (quasi TM polarization).

2. Fabrication

For the fabrication of LN optical wires a LNOI sample was used (see Fig. 1). It consists of a
730 nm thick single crystalline LN layer direct bonded to the surface of a 1.3 pm thick SiO,
layer deposited by plasma enhanced chemical vapour deposition (PECVD) on the —Z-face of a
congruent Z-cut LN substrate. The thin bonded LN layer has the same crystal orientation as
the substrate; its surfaces have a rms-roughness of 0.5 nm obtained by chemical-mechanical
polishing (CMP). Recently, the development of full LNOI wafers of a diameter of 3 inch has
been reported [11].

Mask by photolithography Ar milling

Photoresist
-

|

LN film’

LN waveguide__ —Photoresist

LN substrate 0.5 mm LN substrate 0.5 mm

Fig. 1. Schematic diagrams of the cross-section of the LNOI sample (left) used to fabricate LN
photonic wires (right) by Ar-milling.

Due to their high index contrast (njn ~2.2, nsjoy ~1.44), LNOI samples are strongly
guiding planar waveguides ideally suited for the fabrication of LN optical wires. Photoresist
(OIR 907-17) stripes of 1.7 um thickness and 1 - 7 um width were used as etch mask, defined
by photolithography. To improve the etching selectivity, the resist was annealed at 120 °C for
1 hour. Subsequently, the sample was etched by Ar milling for 60 min in an Oxford
Plasmalab System100 with 100 W RF power inductively coupled into the plasma (ICP) and
70 W RF power coupled to the sample table. The resulting etch depth was 460 nm. Figure 2
shows scanning electron microscope (SEM) pictures of a ridge guide of 1 pym top width. The
dark stripe underneath is the SiO, cladding. On both sides of the ridge, etched trenches can be
observed, resulting from additional etching by ions reflected by the angled walls of the ridge
[14]. Their slope of ~27° (with respect to the vertical direction) is determined by the
dependence of the etching rate on the incident angle of the ion beam [15]. As the etched
trenches seemed to isolate the ridge, a longer etching time was not considered. However, it
should be possible to completely remove the remaining LN layer by an extended etching time.
Finally, the end faces of the sample were carefully polished to enable efficient end-fire
coupling of light; the length of the sample was 3 mm.

Fig. 2. SEM pictures of micro-channel ridge guides (photonic wires) of 1 pm top width. The
trenches on both sides of the ridges reach near the surface of the SiO2 buffer layer.

3. Optical properties

The LN photonic wires were carefully characterized around 1.55 um wavelength. To be
specific, their mode distributions were measured and compared with modeling results. The
mode propagation losses were determined for different wire width and as function of the
polarization using the resonator method [16]. A correct analysis required the knowledge of the
waveguide end face reflectivity, which was evaluated for a number of parameters. Moreover,

#118299 - $15.00USD  Received 7 Oct 2009; revised 14 Dec 2009; accepted 14 Dec 2009; published 18 Dec 2009
(C) 2009 OSA 21 December 2009/ Vol. 17, No. 26/ OPTICS EXPRESS 24263



the resonator method allows determining the group index of the waveguides, which was
measured in this way and also compared with modeling results.

3.1 Experimental setup

A tunable laser diode was used to investigate the photonic wires. The light was coupled to the
waveguides by a 60 x / 0.8 objective with an estimated (calculated) coupling efficiency of
about 40% (30%) to the fundamental mode of the wire of 2 (1) um top width. On the output
side a 100 x / 0.9 objective magnified the near field distribution of the guided mode to form
an image of maximum spatial resolution (~1.1 um) on the camera. The recorded data were
transmitted to a computer for further signal processing.

3.2 Mode distributions

The mode distributions were measured as function of the waveguide width and of the
polarization, and compared with simulated distributions calculated with a full-vectorial finite-
difference method [17,18]. The waveguide profile assumed for the calculations is indicated in
Figs. 3, 4. In the following, mode distributions for the ridge guides of 2 and 1 um top width
are presented as examples.

Despite the small cross section dimensions, both structures support - according to the
modeling results - not only the fundamental, but at least also the second order mode at 1.55
um wavelength (see Figs. 3, 4). However, by a careful adjustment of the input laser beam, the
fundamental mode could be selectively excited (though it was difficult to control the selective
excitation with the objective of limited resolution). Moreover, the remaining thin LN films of
270 nm thickness on both sides of the photonic wires formed a planar waveguide for qTE
polarization.

Figure 3 shows the measured mode distribution for quasi TE-polarization (qTE) at the
output of a 2 um wide channel (left) together with a corresponding modeling result (middle).
In view of the finite spatial resolution of the imaging system, the agreement is reasonable. The
calculated second order mode is displayed on the right of Fig. 3.

/[ \ B /O O\

1 um

1 um 1 um

Fig. 3. Measured (left) and calculated (middle) intensity distribution of the fundamental mode
in a photonic wire of 2 um top width (qTE-polarization; A = 1.55 um). The intensity
distribution of the simulated second order mode is shown on the right. The profile, used for the
simulations, is indicated (middle and right).

Figure 4 shows the measured (left) and calculated (middle) distribution of the fundamental
quasi TM mode (qTM) in a photonic wire of 1 um top width. Again, in view of the finite
spatial resolution of the imaging system, the agreement is reasonable. The extremely small
area of the mode cross section is remarkable; it is about 0.4 um’ (product of FWHM in
horizontal and vertical directions of the calculated distribution), more than one order of
magnitude smaller than the mode size of about 16 um” in a conventional Ti-indiffused strip
guide of 7 um width. Therefore, such photonic wires are ideal candidates to develop nonlinear
devices of high efficieny. Moreover, high bending radii become possible without inducing
excess bending losses. The calculated second order mode is displayed on the right. To obtain
a mono-mode photonic wire, a smaller width or steeper walls are needed; e.g., by reducing the
top width to 500 nm, single mode propagation can be expected.
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Fig. 4. Measured (left) and calculated (middle) intensity distribution of the fundamental mode
in a channel waveguide of 1 um top width (qTM-polarization; A = 1.55 pm). The intensity
distribution of the simulated second order mode is shown on the right. The profile, used for the
simulations, is indicated (middle and right).

3.3 Propagation losses and end face reflectivities

As the polished waveguide end faces represent mirrors of considerable reflectivity R,
waveguide cavities of low finesse are formed. By analyzing the contrast K of the cavity
resonances, measured as function of the wavelength, the mode propagation losses o can be

determined [16]. This method is independent on the mode excitation efficiency. a, R and K
are defined by the following equations:

I

- ~ ~ I -1
434 1nR-1mR) with R:%(l—\h—kz) and K —-me_min (]

L

However, due to the small waveguide cross section, the modal reflectivity R (ratio of
reflected mode power to the incident mode power) can no longer be approximated by the
Fresnel result for plane waves of normal incidence at a LN-air interface (~14%) as usually
done for weakly guiding structures [16,19]. The actual value of R is required to enable a
correct evaluation of the propagation losses. Therefore, and as a mode-selective measurement
is difficult, R was calculated by a 3-dimensional finite difference time domain (FDTD) solver
[18]. An auto-non-uniform mesh was used with 30 nm maximum step size in the LN
waveguide region, with uniaxial perfectly matched layer (PML) boundary conditions. The
result is presented in Fig. 5 as function of the top width of the ridge guides of 730 nm
thickness. The slope of the ridges was kept constant. With increasing waveguide width, the
end face reflectivity R approaches polarization dependent limits with a significantly higher
reflectivity for qTE than for qTM. Due to the waveguide thickness of 730 nm only,
the AR=R ;. — R, converges to ~11%; this figure shrinks to ~1% with increasing thickness,

determined by the birefringence of LN alone. With decreasing waveguide width (at 730 nm
thickness), AR also shrinks to small figures, as qTE and qTM modes become nearly
degenerate [20,21].
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Fig. 5. Calculated end face reflectivities of the fundamental modes of qTE and qTM
polarization, respectively, versus the top width of LN photonic wires of 730 nm thickness.

The simulated end face reflectivities allowed determining the waveguide propagation
losses from the contrast of the cavity resonances according to the Eq. (1) given above.
Figure 6 shows as example the measured normalized transmission in qTE polarization of a
photonic wire of 2 um top width as function of the wavelength (left). A propagation loss of
6.3 dB/cm was evaluated. For qTM polarization, the loss is 7.5 dB/cm. Both figures are about
10 dB smaller than the best data (17 dB/cm) reported so far for a channel guide of comparable
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dimensions [3]. A corresponding result for a photonic wire of 1 pm top width, but for qgTM
polarization, is shown on the right of Fig. 6. The resulting propagation loss is 9.9 dB/cm. For
qTE polarization, the loss is 12.9 dB/cm. The larger qTE losses in the narrower wire may
result from some coupling to the planar (single polarization) waveguides on both sides of the
channel.

3 5
8 3
g &
o]
S ] S 06 .
= — qTE, 2 pm width, 6.3 dB/om —— ¢TM, 1 ym wicth, 9.9 dB/em
15504 1550.7 1551.0 1551.3 1551.9 1552.2 1552.5
Wavelength (nm) Wavelength (nm)

Fig. 6. Normalized transmission in qTE (qTM) polarization of a channel guide of 2 (1) um top
width as function of the wavelength (left / right).

The losses very likely arise from scattering by the residual roughness of all four walls of
the ridge [22]. Losses due to a coupling of the propagating mode across the 1.2 pm thick SiO,
layer to the substrate should be negligible (< 0.05 dB/cm), according to the calculations with a
fully vectorial finite difference mode solver [18].

3.4 Effective and group indices

The waveguide mode dispersion is determined by the material dispersion of core and cladding
materials and by the waveguide dimensions. Due to the high index contrast of the photonic
wires and their small cross section dimensions, the effective index of refraction n.; varies
considerably as function of the wavelength between the bulk index of LN and that of SiO,. It
was calculated by the finite difference method for the fundamental qTE- and qTM-modes
[18], respectively, and for several waveguide widths; some results are displayed in Fig. 7
together with the dispersion of bulk LN and SiO,.

Whereas an effective mode index ng is difficult to measure, the group index n, can be
derived in a small wavelength range from the measured transmission spectra of the

waveguides (see Fig. 6): n, = A*1(2-L-AA) ; L is the waveguide length and A\ is the
wavelength difference of neighboring resonances [23-25]. In addition, the group index was
also calculated as n, =n,, —A-(dn,, / d1) ; measured and calculated results are shown in Fig.
7 for the fundamental modes of qTE and qTM polarization, respectively. For comparison, also

the calculated group index of bulk LN is shown derived from a Sellmeier equation describing
the dispersion of bulk LN [26].
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Fig. 7. Calculated effective and group indices for the fundamental modes of qTE and qTM

polarization in photonic wires of 2 um and 1 pm top widths, respectively, versus the

wavelength. The measured group indices of photonic wires, the calculated group indices of
bulk LN, and the refractive indices of bulk LN and SiO2 are shown as well for comparison.

The effective indices of refraction vary between the bulk indices of LN and SiO,; the
longer the wavelength and the smaller the waveguides are, the lower the effective indices
become due to a decreasing mode confinement. At shorter wavelengths, the mode is more and
more confined in the LN core of the waveguide and n.; approaches the (polarization
dependent) bulk index of LN. The group indices for light propagation in the photonic wires
are substantially larger than for light propagation in bulk LN, reflecting the influence of the
small waveguide dimensions. They even allow adjusting a group index dispersion close to
zero in the 1.5 um wavelength range, which is of interest for optical communication devices.

4. Conclusions

In conclusion, fabrication and optical characterization of LN photonic wires of excellent
quality have been presented. Direct-bonded LNOI of 730 nm LN thickness was used as
starting material; photonic wires of 1-7 um width were photolithographically defined and
fabricated by Ar-milling. Mode intensity distributions, propagation losses, and group indices
of refraction were measured and, whenever possible, compared with simulation results.
Moreover, effective mode indices and end face reflectivities were numerically evaluated.
Remarkable are the relatively low propagation losses in the photonic wires of 1 um top width,
which are the smallest LN waveguides reported so far: 9.9 dB/cm (12.9 dB/cm) for qTM
(qTE) polarization. We are confident, that by using e-beam lithography (as standard for SOI
waveguides) instead of optical lithography, the propagation losses can be further reduced.
And additional annealing will smooth the waveguide walls, contributing to a loss reduction as
well.

Also the small mode cross sections down to ~0.4 um” (in a photonic wire of 1 um top
width) are of high interest. As they are more than one order of magnitude smaller than that of
conventional Ti- indiffused channel guides, nonlinear interactions of high efficiency can be
expected even at low power levels. Therefore, several methods are currently explored to
periodically pole the photonic wires, enabling quasi phase matching of second order nonlinear
effects. PPLN photonic wires are ideal candidates for the development of a wide range of
nonlinear wavelength converters and of devices for all-optical signal processing. Also
modulators and Rare-Earth doped lasers would profit considerably from the high field
concentration in LN photonic wires either by reduced drive voltages or lower threshold levels,
respectively. Moreover, due to the high index contrast of LN photonic wires small bending
radii become possible without inducing excess bending losses. A higher device integration
density can be expected.
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