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Abstract—Reactive ion etching of RbTiOPO4 (001) substrates
and (Yb,Nb):RbTiOPO4/ RbTiOPOs (001) epitaxial layers has
been performed using fluorine chemistry. A maximum etch rate
of 8.7 nm/m was obtained, and the deepest etch achieved was 3.5
pm. The (Yb,Nb)-doped epitaxial layers showed a slower etching
rate when compared with undoped material. Liquid phase
epitaxial growth of cladding layers has also been performed,
resulting in a high-quality interface growth without appreciable
defects. 9-mm-long Mach Zehnder interferometer (MZI) and 9-
mm-long Y-splitter structures were designed and patterned in
RbTiOPQ4 substrates and (Yb,Nb):RbTiOPO4/RbTiOPO4(001)
epitaxial layers. The structures fabricated in RbTIOPO4
substrates were filled with laser active (Yb,Nb):RbTiOPO4
higher refractive index core material, and finally an RbTiOPO4
cladding was grown on the samples. The refractive index
difference between the (Yb,Nb):RbTiOPOs layer and the
RbTiOPOQO4 substrate at 1.5 pum has been measured and optical
waveguiding at this wavelength has been demonstrated.

Index Terms—Integrated Optical Materials, RbTiOPOs,
Reactive lon Etching, waves.

1. INTRODUCTION

bTiOPO; (hereafter RTP) belongs to the KTiOPO,4 family
of nonlinear optical crystals. These crystals are
orthorhombic and positive biaxial, with a=12.974(2)A,
b=6.494(3)A, c=10.564(6)A [1] with the space group Pna2,
and n,<ny<n,(being the X, Y, and Z dielectric axes parallel to
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crystallographic a, b, and ¢ directions, respectively). RTP has
large electro-optical coefficients (i.e. r33=39.3pm/V) and, high
nonlinear optical coefficients (i.e. ds;= 15.6£0.3 pm/V) [2],
which make them attractive for electro-optic applications such
as modulators and Q-switches [3]. These electro-optic
properties also make RTP an attractive material for integrated
optical applications for fabrication of active and passive
devices. Traditionally, in the KTP family of crystals, such
devices are fabricated by ion diffusion techniques; in which a
graded refractive index profile is achieved[4] leading to
channel waveguides if the diffusion is carried out through an
appropriate mask. Ion implantation has been also used as a
feasible technique to obtain waveguides with graded refractive
index profile in RTP recently[5,6]. Planar optical waveguides
have already been demonstrated, for guiding light in the near
infrared (NIR) and  visible range, based on
(Yb,Nb):RTP/RTP(001) epitaxial layers and, in contrast to
diffused and ion implanted waveguides, these systems possess
a step-index profile[7].

Reactive ion etching (RIE), as commonly is used for
structuring dielectric materials such as SiO, and LiNbO;[8-
11], could be used to produce channel waveguides in
(Yb,Nb):RTP/RTP(001) planar layers and RTP (001)
substrates. However, the use of this technique in the KTP
family of compounds has not yet been widely explored. Dubs
et al. reported the preparation of ridge type waveguide
structures on K RbyTiOPO4/KTP epitaxial layers by
electron-cyclotron-resonance reactive ion etching (ECR-RIE)
obtaining results in a 3.5 pm depth etch channel[12].

Initially, it would be desirable to use undoped KTP or RTP
host as active waveguide layer material if only the electro-
optic properties should be used, and in this case the substrate
material with lower refractive index than the core would be an
isostructural material with a ionic substitution in the K* or Rb*
position; ( Ti or P elements cannot be substituted for any
lighter element in order to decrease the refractive index and
maintain the crystalline structure) and if in the substrate or in
the active epitaxial layer, part of the K™ or Rb*cations are
substituted by other monovalent cations for obtaining
differences in the refractive index between the substrate and
the layer, the refractive index profile along C direction is
graded, because of the high ionic conductivity in this direction
in KTP and RTP compounds[13]. This fact induces that the
active layer should be the doped one; and the substitution
should be preferably in the Ti position; then using the couple
(Yb,Nb) already used in the past for RTP, is logical due to the
charge compensation in the compound (doping only with Nb>*



can create more Rb" vacancies[14]) and the future possibility
to use Yb*" ion as active ion for laser and SFD emission.
Then, the chemical composition of the epitaxies used in this
work is (Yb,Nb):RTP layer over undoped RTP, despite the
future applications of the designed devices in the present work
is only based in the electro-optic properties of these
compounds.

Our previous work showed the first exploratory research of
the optima conditions for RIE etching in (Yb,Nb):RTP
epitaxial layers to obtain channel waveguides with a height
around 1.5 pm[15]. In this work, waveguides with larger
dimensions than the previous ones reported were designed in
order to confine 1.5 pm wavelength radiations; this
wavelength is especially interesting in the telecommunications
and biomedical fields. The etching has been performed both in
the active layer and in the undoped substrate, and
consequently, in order to obtain the guiding composite, one or
two epitaxial growth processes were required. Finally, the
fabricated waveguide structures were optically characterized.

II. WAVEGUIDE FABRICATION

A. Substrate growth by TSSG and epitaxial growth by LPE

RTP melts incongruently, and it cannot be grown directly
from the melt, then high temperature solution growth and
hydrothermal methods have been used traditionally to grow
these crystals[16]. In this work, the top-seeded solution
growth-slow cooling (TSSG-SC) technique was applied to
grow RTP single crystals to be used for substrates[17]. All
growth experiments were performed in a vertical tubular
single-zone furnace. The solution composition was chosen
taking into account the RTP primary crystallization region in
solutions with 20 mol% WO;[18]. The solution composition
used was RbyO-P>0s-TiO, -WO3=44.24-18.96-16.8-20 (mol
%). Solutions weighing around 200 g were prepared by
mixing Rb,CO; (99%), NH4H.PO4 (99%), TiO, (99%) and
WO; (99%). The solution was homogenized at a temperature
around 50 K above the expected saturation temperature for a
few hours. The saturation temperature was determined with a
c-oriented RTP seed crystal in contact with the center of the
solution surface and rotating at 60 rpm. After that, the
supersaturation of the solution was obtained by applying slow
cooling to the solution at a rate of 0.1 K/h for the first 15 K
and then 0.05 K/h for the next 10-20 K. The crystal rotation
was 60 rpm in the initial steps of growth and as the crystal was
growing, the rotation was decreased progressively to 40 rpm
in order to maintain the convection pattern. In several
experiments, when the crystal dimension in the (001) plane
was enough, a pulling rate of 1 mm per day was applied in
order to increase the crystal dimension along the ¢ direction.
When the crystal was fully grown, it was slowly extracted
from the solution and maintained slightly above the solution
surface whereas the furnace was cooled at 30-40 K/h to room
temperature. Finally, the substrates for LPE growth were
obtained by cutting, with a diamond saw, the bulk crystals in
slices perpendicular to the crystallographic ¢ direction. After
cutting, the substrates were polished with diamond powder.

The liquid phase epitaxy (LPE) technique was used to
obtain (Yb,Nb):RTP/RTP(001) epitaxial layers[19]. The
experiments were carried out in a well-isolated vertical

cylindrical furnace, with a central region with practically no
thermal gradients.

The solution composition used in these LPE experiments
was RbyO-P;05-Ti02-NbyOs5-Yb,03-WO3=  43.9-23.6-20.7-
0.45-1.35-10 (mol %). The reagents used were the same as in
the growth of substrates and Yb,03 (99.9 %) and Nb,Os (99.9
%) were used for doping. Cylindrical crucibles of 25 cm® were
filled with about 95 g of solution. After homogenizing the
solution, its saturation temperature was accurately determined
in a similar way to that described above for single crystal
growth. The (001) RTP substrates were first cleaned by using
a mixture of HNOs/H,O in the 50/50 ratio in volume for 5 m,
followed by dipping in distilled water (5 m), then in acetone (5
m), and finally in ethanol (5 m). The entire cleaning process
was carried out with the substrates rotating at 60 rpm. After
that, the substrates were slowly introduced into the furnace
using a stepper motor drive to avoid thermal shocks. This
process can take 10-12 h depending on the selected speed of
motor. Before dipping the substrate into the solution, it was
maintained at a few mm above the surface of the solution for
at least 1 h in order to obtain thermal equilibrium between the
solution and the substrate. Then the substrate was dipped into
the solution at a temperature of 1 K above the saturation
temperature for 5 m in order to dissolve the outer layer of the
substrate. The epitaxial growth was carried out on the RTP
substrate at a temperature 3 K below the saturation
temperature for 3 h, with the substrate rotating at 60 rpm.
After the epitaxial growth process, the sample was withdrawn
very slowly from the solution and held a few mm above the
solution, whereas the furnace was cooled down to room
temperature at a rate of 25 K/h, to avoid thermal shock.

RTP single crystals were obtained by the TSSG-SC
technique with dimensions around 16 mm x 20 mm x 15 mm
along the crystalline a, b and ¢ directions, respectively. These
crystals were transparent, without macroscopic defects and
with well-defined morphology, as can be seen in Fig.la. After
obtaining these crystals, several (001)-oriented substrates were

cut and polished, resulting in an average roughness of 15 nm.

e

i |
..F

The growth rate of the epitaxial layers, after creating a
supersaturation by keeping the growth temperature to 3 K
below the saturation temperature, was around 0.3 pm/m. The
epitaxial layers were polished down to 5 pum thickness after
the growth, in order to achieve single mode guiding. A 9-mm-
long epitaxial layer grown on a RTP(001) substrate, polished
to 5-10 pm thicknesses, is shown in Fig.1b. In the polished
epitaxial layers, the obtained surface roughness was around 5
nm.

B. Pattern design and simulation



The design of the patterns is shown in Fig.2. A balanced
single mode MZI design without any geometrical path length
difference between the two arms and with two identical
symmetric Y-structures, in which one acts as a splitter and one
as a combiner, is shown in the upper part of Fig.2. The lower
part of Fig.2 shows a Y-structure with similar design
parameters to act only as a splitter. We have designed MZIs
and Y-splitters of length 9 mm with radius of curvature
ranging from 50 to 80 mm. It was expected that the Y-junction
design, based on an S-line pattern, would give low losses and
a large enough separation between the two arms so that there
is no evanescent coupling between the branches. It was also
expected to give the maximum length in the branches for
future applications as an EO modulator. To ensure single-
mode behavior of the MZI and Y-splitters at the selected
wavelength, the core width and height of the waveguides must
be limited depending on the refractive contrast An between the
waveguide core and the substrate.
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The guiding properties of the MZIs and Y-splitters were
modelled with RsoftBeamPro[20] at a wavelength of 1.5 pm.
The dimensions of the designed structures are channels with a
width from 6 to 9 um, and 5 pm in depth. These dimensions
were chosen in order to support a fundamental guided optical
mode at a wavelength of 1.5 um. The parameters of the
designs are given in Table I.

TABLE 1
Parameters of the design.
MZI  Dimensions [pm]  Y-splitter Dimensions [pm]
I 1000 I 1000
Li 2000 Li 2000
iz 3000 L 6000
w 6 W 6
Lraz 9000 Lysp 9000
Z 38-42 Z 38-42
R 50,000-80,000 R 50,000-80,000

C.Sample preparation prior to reactive ion etching procedure

Prior to fabrication of waveguides by RIE, the RTP
samples were clamped on a glass substrate using Unibond
power epoxy resin. This step is necessary due to the relatively
small size of the samples, which makes it difficult to handle

them in spin coating and photolithography processes and
reduces the edge bending effect. The curing time of epoxy was
around 6-7 hours and it allowed heating to 423 K without
detachment from the glass. Finally, the sample was cleaned
with acetone and iso-propanol using a sonicator.

In order to obtain deep etching, it is necessary to use a
highly selective metal mask. We have evaluated Ti, Ni, Al and
Cr metals as possible candidates for the metal masks. Metal
layer deposition was performed by E-beam evaporation and
sputtering techniques. Metal surfaces were evaluated by a
molecular imaging atomic force microscope (AFM), model
Pico SPM II, without any previous sample preparation, using
acoustic mode at a resonance frequency of 75 KHz and a
silicon tip of 10 nm radius. The topography and surface
roughnesses of the deposited metal layers, analysed by AFM,
are shown in Fig.3. Surface roughness rms values calculated
with the help of WSxM software were 2.8 nm, 2.6 nm, 150 nm
and 100 nm for Ti, Ni, Al and Cr layers, respectively. As
observed, for the case of Ti and Ni there are almost flat layers,
but in the case of Al and Cr, the layers are composed of
grains; which are larger for Al. The presence of these grains
leads to the higher value of roughness for Al and Cr layers.

In order to analyze the adhesion and durability of the metal
layers on the RTP surface, we performed a tape test five times
each to check the adhesion. The Ti layer was completely or
partially removed during the first attempt, as can be seen in
Fig.3. In the case of Ni, in the first attempt only significant
parts of the Ni layer were removed but in second attempt, Ni
was removed as can be seen from Fig.3. A scratch test was
also performed on the Ni layer but didn’t show any significant
influence on the adhesion. Finally, in the case of Al and Cr
there was no observed removal of the metal during the tape
tests. The scratch test on Al and Cr layers showed a good
adhesion in both cases.

b 3

Thus the results indicate that Al and Cr are good
candidates to be used for metal mask.In order to create a metal
mask for the RIE process, the chromium was etched with MS8
chrome chemical etchant and the aluminum was etched with
commercially available aluminum enchant.

A thin layer of photoresist S1813 was then deposited on
the metal layer by spin coating at 5000 rpm for 60 s, obtaining
photoresist thicknesses of around 1.3 pm. The samples were
then soft baked at 363 K for 30 m.

Y-splitter and MZI patterns were transferred to the
photoresist layer using a light field hard mask pattern for the
epitaxial layers and a dark field hard mask pattern for the
substrates, by standard UV photolithography. The samples
with the photoresist and metal layers were carefully aligned
with the mask pattern in such a way that the branches of the
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MZI and Y-splitters were parallel to the a crystallographic
direction. A SussMicrotec MA6 mask-aligner was used to
expose the samples for 10-12 s at 350 mW/cm?, using 365-
nm-wavelength light. After the exposure, the photoresist was
developed by dipping for 45 s in MF-319 developer. Finally,
hard baking was performed for 30 m at 393 K.All fabrication
steps are illustrated in Fig.4.

D. Reactive ion etching

The samples containing hard metal mask were etched in an
RIE Plasmalab 80Plus, with the etching parameters: 250 W as
the RF power, 40 mTorr of pressure and a gas combination of
Ar (10 sccm) and SF¢ (10 sccm), which corresponds to
parameters optimized in our previous work[15]. A preliminary
test was performed to determine the etch rates in
(Yb,Nb):RTP, undoped RTP, the metal layers and the
photoresist using the etching conditions described above. The
samples were etched for 60 m and the etch rates obtained are
summarized in Table II.

TABLE 1L
RIE etch rates.

Etch rate [nm/min]

RTP 10.5
(Yb,Nb):RTP 15.5
PR S1813 36.6
Chromium 0.53
Aluminum 2

The selectivity (the ratio of the etch rate of RTP compared
to the etch rate of the photoresist) for RTP compounds against
the photoresist is around 3, this means that it would require a
thickness of photoresist around 20 pm to etch 6 pm in RTP, so
it is not possible to obtain a smooth and homogeneous thick
layer using specifically this photoresist eliminating the
possibility of working with this photoresist as a mask. The
selectivity for RTP against Cr was found to be 20 and the
selectivity for (Yb,Nb):RTP against Cr was found to be 29.
For Al, the selectivity against RTP was 5 and against
(Yb,Nb):RTP was 7.8. It has previously been reported[21] that
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Al masks used in RIE processes using SF¢/O, gases show the
effect of micromasking if the etched matter from the mask is
not properly evacuated and is instead deposited the formed
Al,0Os3 on exposed surfaces. Using SFe, we can also create the
AIF volatile species and the AlF; as non-volatile species,
which can originate also the micromasking.

Table III summarizes all the RIE experiments performed
with the different experimental parameters.Extended
topography measurements of the channels were performed
using a Sensofar PLp 2300 confocal microscope. The confocal
microscope was also used to measure the epitaxial
thicknesses.The plasma etching involves two dominant etch
mechanisms: physical and chemical. The physical mechanism
is the high-energy ion bombardment that erodes the material
and the chemical mechanism is the formation of volatile
species from reactions on the material surface with the species
from the plasma. We expect the volatile species to be TiFs
(Temperature of sublimation 557 K), PF; (Boiling point 172
K), NbFs (Boiling point 502 K) and PFs (Boiling point 198
K)[22]. As mentioned above, the RIE process employed 250
W RF power, 40 mTorr pressure and gas combination of Ar
(10scem) and SFe (10sccm).

In Fig.5, we can observe the etch rate obtained in undoped
RTP and (Yb,Nb):RTP in relation to the etching time used.As
can be seen in Table III, the average etch rate obtained is in
the range of 3.2 to 8.7 nm/m; this etch rate is larger than
previously reported for standard RIE of LiNbO; (around 4
nm/m)[23], although we note that the etching rate of LiNbO3
can be increased after proton exchange to values of 10
nm/m[24].It can be observed that in the case of short etching
times, there is a linear reduction in the etching rate with the
time. The potential causes of the low etch rate include too high
a pressure of the etching gases, increasing the number of
collisions in the gas and a decreasing the number of reactive
species reaching the surface and another possible reason,
could be an increase of the chemical etching, leading to the
formation of sub-products acting as inhibitors on the surface
of the etch material, blocking the etching process.
Furthermore, in the case of long etching times, there is a
significant decrease of the etching rate, both for undoped RTP
and (Yb,Nb):RTP; this could be related to the fact that at long



TABLE III.
Parameters obtained for the etched designs

Sample Compound M tepi[m] t Wexp Wy d Etch rate
[111 ill] [ “‘m] [ “11'1] [ “111] [11111-'I11i11]
Sample | (Yb,Nb):RTP Cr 3.2 213 4 - 1.8 8.2
6 -
Sample 2 (Yb,Nb):RTP Cr 8.8 387 4 7.5-10 2.6 6.7
6
Sample 3 (Yb,Nb):RTP Cr 5 333 5 - 2.8 8.4
7 -
Sample 4 (Yb,Nb):RTP Cr 5 333 4 - 2.9 8.7
6 -
Sample 5 (Yb,Nb):RTP Al 5 624 7 - 25 4.0
Sample 6 RTP Al - 480 5 13-15 2.5-35 6.2
7
Sample 7 RTP Al - 810 5 - 2.6 3.2
7

M= Metal, tei —epitaxial layer thickness.t= etching time, Wy, = expected width, w,=real width, d=etching depth

etching times, the etching was not only in vertical direction
but also in the plane of the sample.

= Cras metal mask
® Alas metal mask

etch rate [nm/min]

2
100

T T T T T
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time [min]

260 360

According to Ren et al. [11], during RIE etching using
gases such as SFe¢, CHF3etc; gas components could penetrate
into the sample, in our case to form bonds with the RTP
sample. In order to detect any contamination of the sample by
these gases, we have conducted an EDAX test using an ESEM
instrumentESEM) with a FEI Quanta 600, with an acceleration
voltage of 20 kV at a working distance of 10 mm. Sample 7 in
Table III was examined for the detection of Al, Cr, Rb, Ti, O,
P, S, F and Ar. Fig. 6 shows an ESEM image of this sample
and the energy dispersive X-ray spectroscopy result where it
can be observed that only the peaks of the constituent
elements of the sample have been observed; there was no
detected presence of any element originating from the gases
(S, F, and Ar) or from the hard mask (Cr or Al).
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The dimensions of the fabricated structures were evaluated by
confocal interferometry, and the results are given in Table

III.Width and depth are measured for every device (MZI and
Y-splitter). The actual width was observed using an ESEM in
sample 2 and sample 6.It is observed that the width of the
structures is always larger than expected, especially in the case
of the Al mask. In order to elucidate the reason for these
results, different photoresist exposure times on the different
metal layers were investigated. It was observed that longer
exposure times lead to a larger broadening of the channels for
the Al mask than in the case of Cr. It can be deduced that Al
required less exposure time in order to obtain the desired
width of the channels in the photoresist and this can be related
to the larger reflectivity(R) of the Al versus Cr in the UV
region (R of Al is 92% and R of Cr is 51%). The broadening
of the channels obtained in the case of an Al mask could also
be due to the fact that, as shown in Table II, the etching rate
of Al is larger than for Cr. Therefore, in the case of long
etching times, the Al layer could be totally removed, causing
etching of the RTP material to take place along the plane as
well as perpendicular to the surface.

The surface topography of the rib waveguide for sample 2,
measured with confocal microscope, is shown in Fig.7(a). The
epitaxial layer roughness before etching was measured to be
around 5 nm and after reactive ion etching it was around 15
nm. After the fabrication process, the samples were examined
by environmental scanning electron microscopy (ESEM) with
a FEI Quanta 600, with an acceleration voltage of 20 kV at a
working distance of 10 mm.An ESEM image of the set of 9-
mm-long MZIs fabricated on the (Yb,Nb):RTP deposited on
RTP (sample 2) is shown in Fig.7(b). It can be seen that rather
homogenous etching is obtained along the full length of the
MZI interferometers.




E. Cladding layer growth

A cladding layer of 200-400 um thickness of RTP was
grown on the channels in order to have centered the mode
vertically on the active core region. The cladding would also
serve as a protective material, and as demonstrated below by
reducing the roughness of the core, it lowers the propagation
losses. This cladding layer was grown by following the same
procedure as used for the epitaxial layer.

In Fig.8, an ESEM image of the cross section of an RIE
channel realized in a (Yb,Nb):RTP/RTP epitaxial layer
(sample 2) is shown. A cladding layer of undoped RTP was
also grown on the (Yb,Nb):RTP etched layer. After etching for
387 m, an etch depth of around 2.6 um in an 8.8-pum-thick
epitaxial layer is obtained. As can be observed in Fig.7, the
slab height is around 6.2 um with a rib height of 2.6 um. The
channel width is 7.3 pm at the base, making a trapezoid with
an angle of 30°. As in the previous case, no visible defects are
observed in the interface between the active layer and the
cladding.
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In Fig.9, we can observe a cross-sectional ESEM image of the
channels fabricated by RIE in a RTP substrate (sample 6),
using an Al mask with structures of 7 um width. The etching
time was 480 m and the etch depth obtained was around 2.5-
3.5 pm. The next step was the growth of an (Yb, Nb):RTP
layer by LPE. In this case, the solution composition for the
layer growth was the same as that used for the epitaxial layer
growth and the growth time was 2 h. The supersaturation of
the solution was obtained by decreasing the solution
temperature to 4 degrees below the saturation temperature.
After another polishing step, a cladding layer of undoped RTP
was also grown. Fig. 9 shows that ribs with trapezoidal cross
sections were obtained and that there are no appreciable
defects at both interfaces, between the epitaxial layer and the
RIE etched substrate and between the cladding and the
epitaxial layer. The bottom of the channel is found to be
approximately 13-15 pm in width, while the channel height is
2.5-3.5 um and the side wall angle is around 20-30°.

III. OPTICAL CHARACTERIZATION OF THE
WAVEGUIDES

A vertically polarized 1520 nm He-Ne laser with a
maximum output power of I mW, was coupled into the 9-mm-
long devices. The input and output objectives were 5X with
0.10 NA and 20X with 0.40 NA, respectively. The 0.10 NA
input objective ensured good NA matching with that expected
for the waveguides (~0.13 NA, see Section 3), and also gave a
focus spot diameter of ~18 um (at 1/e* intensity) which
matches well with the expected mode field diameters (MFD)
of the waveguides . The waveguide mode was excited via
careful alignment using anxyz translation stage. Near-field
mode imaging of the devices was recorded using a FLIR
SC7000 IR camera.

Refractive index wvalues at room temperature were
measured in undoped RTP and in (Yb,Nb):RTP active layers
with a Metricon prism coupler 2010 and a 1.55 pm HeNe laser
by the dark mode method. The refractive index difference
between the undoped RTP and (Yb,Nb):RTP doped crystals at
a wavelength of 1.52 pm were calculated from the refractive
index values of undoped RTP acting as a substrate: n,=1.7559,
n,=1.7630, n,~1.8375 and (Yb,Nb):RTP acting as an active
epitaxial layer n,=1.7516, n,=1.7633, n,= 1.8425, and
thus,(Ani=ni,cpi-ni,sp  being i= x,y and z): An=-0.004,
Any=0.0003 and An,=0.005. This refractive index difference
allows only guiding in TM polarization whatever the size of
the guide but that it will be single mode by choosing the
appropriate channel waveguide dimensions. Additionally, by
using the standard definition for the NA of a fiber (NA =
(Neore’-Nerystal®) %), the corresponding expected NA is of 0.13
NA.

10 pm

Normalized intensity

0 ) ) ] H 1 % 3 ) %
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To experimentally characterize the propagation mode, we
polished the faces perpendicular to the crystallographic a
direction. The near field pattern was measured using an IR
camera in order to visualize the mode intensity profile at the
output of an MZI.Fig. 10(a) shows the near-field pattern of the
output mode guided in a MZI of the sample 2. The horizontal
and vertical fundamental mode field diameters (MFD) at 1/¢?
intensity (shown in Fig. 10(c) and 10(d), respectively) were
measured to be 17.6 pm and 8.3 pm, along the b (horizontal)
and c (vertical) directions, respectively. Fig.9(b) shows the
output mode obtained by the simulation. The dimensions of
the simulated guided mode are 23.3 um and 9.6 um along b
(horizontal) and ¢ directions (vertical) respectively, and the




refractive index contrast used is the one reported above for n,
0.005.
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A 9-mm-long Y-splitter, fabricated in the sample 2, was
also characterized as shown in Fig. 11(a). The Y-splitter is
rather well balanced, obtaining an output flux power ratio
between the two branches of 0.91.The horizontal and vertical
fundamental MFD at 1/¢? intensity (shown in Fig.s 11(c) and
11(d), respectively) were measured to be 19 pm and 16.7 pm
(right and left branches, respectively) along the b direction and
9.6 um and 9.9 pum (right and left branches, respectively)
along the ¢ direction. The simulation of the modes is plotted in
the Fig. 11(b). The MFD for the simulated modes were 8.4 pm
and 17.6 um, for the vertical and horizontal directions,
respectively. The separation between the centers of two modes
emitting from two respective arms is around 36 pum.

IV. CONCLUSIONS

Mach-Zehnder interferometer and Y-splitter structures
have been successfully fabricated on RTP(001)-oriented
substrates and (Yb,Nb):RTP/RTP(001) epitaxial layers using
reactive ion etching. When RTP (001)-oriented substrates
were used, an (Yb,Nb):RTP epitaxial layer was grown over
the structures made by RIE and finally in both cases, a RTP
cladding layer was grown by liquid phase epitaxy in order
have the same contrast in the refractive indices in the two
interfaces. The Cr and Al layer adhesion to RTP was suitable
for transferring the structures from the commercial hard mask
to the metal mask in contact with the crystal, before the RIE
process was carried out. An etch depth of 2.9 um with a
maximum etching rate of 8.7 nm/m was obtained. The ribs
were trapezoidal in shape with a roughness of about 15 nm.
Optical waveguiding in the different fabricated structures at a
wavelength of 1.52 pum has been demonstrated and

characterized.
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Figure Captions

Figure 1. (a) RTP single crystal, (b) as grown
(Yb,Nb):RTP/RTP epitaxial layer.

Figure 2. (a) MZI and (b) Y-splitter design.

Figure 3. AFM images of the different metal layers and the
results of adhesion tests.

Figure 4. Steps involved in the fabrication process of the rib
waveguides (a) in a (Yb,Nb):RTP epitaxial layer ( b) in a RTP
substrate.

Figure 5. Etching rate in undoped RTP and (Yb,Nb):RTP
versus etching time.

Figure 6. Energy dispersive X-Ray spectroscopy of etched
RTP sample using Al mask (sample 7).

Figure 7. a) Surface topography of the rib waveguide obtained
in (Yb,Nb):RTP (sample 2) measured with confocal
microscope. (b) ESEM image of the top view of (Yb,Nb):RTP
(sample 2) etched with RIE, with a power 250 W, and SF¢
10scem, Ar 10sccm and pressure 40mTorr.

Figure 8. a) ESEM image of the general view of the cross
section of RIE etched (Yb,Nb):RTP layers and RTP cladding
grown also by LPE. b) ESEM image of the detail of the cross
section of RIE etched (Yb,Nb):RTP layers and RTP cladding
grown also by LPE. c) Cross sectional dimensions of the
image b.

Figure 9. a) ESEM image of the general view of the cross
section of RIE channels on RTP filled by (Yb,Nb):RTP by
LPE and RTP cladding grown also by LPE. b) ESEM image
of the detail the cross section of RIE channels on RTP filled
by (Yb,Nb):RTP by LPE and RTP cladding grown also by
LPE. c¢) cross sectional dimensions of the image b.

Figure 10. (a) Near- field mode image of the waveguide MZI
in the sample 2. (b) Simulated mode of the MZI waveguide in
the sample 2, (c) horizontal cross-section of the experimental
and simulated guided mode, (d) vertical cross-section of the
experimental and simulation mode.

Figure 11. (a) Near- field mode image of a waveguide Y-
splitter in the sample 2, (b) Simulated mode of the Y-splitter
waveguide in the sample 2, (c¢) horizontal cross-section of the
experimental and simulated guided modes, (d) vertical cross-
section of the experimental and simulation modes.



