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Abstrgct— The UV photosensifivity of Ta,0s measured in a rib waveguide
’Mach-Zel.mde.:r interferometer (MZI) .is reborted. With a cumulative fluence of 72
Vem? at a wavelength of 243 nm incident ui)on one arm through a 3 mm long
window, the MZI exhit.)its_. a phase shift of 8z radians at wavelengtﬁ A=1.55 ;,Lm;
conéspondipg to a saturated refracti?é index change of 2.1 x 10>. Real time
measurements of the MZI output duripg exposure are given and the UV-induced

refractive index change is found to be negative.

Index Terms— Integrated Optics, Photosensitivity, Mach-Zehndér Interferometer,

Planar Lightwave Circuits.



I. INTRODUCTION

Photosensitive materials have m'any.diverse applica;tions due to the availability of
simple, direct and low-cost techniqﬁes for optical inscription of microstructures in
“bulk, thin film and ﬁbre materials. Using photoinduced refractive index change,
Bragg gratings are -roultine.ly inscribed hologréphically into the core of ﬁbers (1] and
planar waveguides [2]. A variety of guide;d Wa§e devices including burjed channel
waveguides [3], directipnal couplers and power splitters [4] have been demonstrated
using the UV direcf writing technique.

In response to the rapid growth of DWDM systems and the requirement for
low-cost densely integrated optical dévices, high refractive index contrast material
systems are now being pursued as a platform for the construction of compact planar
lightwave circuits. Ta;Os is a well-known high refractive index material which may
be used on its own, or as a dopant in SiO, [5]-[6], providing a widely adjustable
refracﬁve index by simply varying the SiOz/T.a205 ratio [7]‘. While the doped silica
systems more readily yield low-loss waveguides, due to lower contrast causing
reduced scattering losses, high contrast is required for photonic crystal waveguide
applications, rendering pure Ta,Os waveguides technologically important. Good
quality Ta,Os thin films can be reliably producgd ﬁtilizing several thin film growth

techniques [8]-[9], and Ta,Os has been widely used as gate material for
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microelectronic delvic_es dug to its high dieleétric cohstant [9]. However, there aré few
reports on the great potential of Ta;Os for making compact optical waveguide circuits
apd, in particular, on its photosenéitivity'[iO]. H;:re, we report the fabrication of a rib
waveguide Maéh-Zehnder interferometer based on Te}205. A rib waveguide structure
with a shallow etch depth was chosen _becaus'e single mode operation could be
‘a'chiev_ed with a large modal width, resulting in reduced coupling loss to conventionai
monomode ﬁb.re tl 1]. Tuning of the MZI phase is achieved by UV light irradiation on
one arm of the MZI. The low méterial absorption thrdughout the telecommunication
~ wavelength wigdow [12]? significant ébsorption at UV wavelength‘s, and the potential
for high index contrast wavegu_idés makels Tay0s a bromising candidate for realizjng

compact optical wziveguide devices.

II. DEVICE FABRICATION

The top view and the cross-section of the MZI are shown in Figures 1 (a) and 1(b),
respectively. In the layout of the MZI, iq order to avoid excess radiation loss, the
S-bend radius was chosen ;[o be large (63 'mm), and thé separation between the two
arms was chosen to be small (50 um) to keep the spﬁtting angle of the two S-bends
small. The UV exposure window was 3 mm 10ng and sufficiently wide that all the
Ta,0s in which the mode propagates was irradiated over the 3mm length.

A 1 pm thick layer of Ta,Os was first RF sputtered onto a Si wafer with a 2 pm
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Si0, buffer layer, in an Ar/O; atmosphere with the substrate held at 250°C. During
the sputtering process, the chamber pressure was kept at 35 mTorr with Ar/O, flow
rate set to‘ 16 sccm and 6 sccm, respecti\}ely. The film was subsequently annealed in
pure O; at 500°C for 12 hours. It is believed that a closely stoichiometric and nearly
stress-free film was obta'ined.b‘ased on _the conditions proposed in [13] [14]. The MZI
pattern was formed in é photoresist layer spin-coafed onto the TayOs film, usibng
standard photolithogTaphy, and transferred into the Ta,Os by argon ion beam milling
[15]. The rib waveguides used in the MZI were nominally 2.5 um wide and were
etched to a depth of 150 nm, as‘shown in Figure l(b).__The shallow etch depth was
chosen in order to ensure single rﬂode operation at wavelength A=1.55 um. The MZI
waveguides were clad with a 3 pm layer of photoresist (n~1.6), which was
overexposed to eliminate the possibility of any further changes in index due to
subsequent UV exposure. The cladding material absorbs UV, so that a window is
opened in it over one waveguide to allow localized exposure. However, to ensure that
no residual UV penetrates the cladding and exposes other parts of the structure, an
additional 150 nm thick layer of Au, acting as a light blocking layer, was sputtered
onto the device and the 3 mm long window was opened , over one arm of the MZI, in
both the gold and the photoresist, to enable UV exposure of that arm alone. This

procedure allows a large area of the sample to be illuminated by the excimer laser




beam, while o.nly the desired part of the waveguide circuit is exposed, eliminating the

need for precise alignment in the [JV-writing setnp.

III. EXPERIMENT AND RESULT S

Prior to the UV ’irradiation, the propagation loss of a straight rib waveguide with the

same cross-section was measured to

pe

be 1.6dB/cm» using the cut-back technique, and
.the waveguide conﬁrm‘ed to be monomode. The .absorption spectrum for a 1 um thick
Ta,Os thin film sputtered on a CaF, spbstrate was measured by spectrophotometry and
is shown in Fig. 2. The strong absorption below 7&=263> nm indicétes that there is
"'potential for UV irradiation belo.v&; this wavélength to result in an index change.
Ultraviolet light from an excimer laser operating at wavelength A=248 nm, with a
'fepetition rate of | Hzand a pulée duration of 20 ns, was directed toward ;co the region
to be exposed on the MZI. Prior to exposure of the sample itself, the beam was
focused and adjuéted through an aperture.until the energy was evenly distributed over
a spot of diameter 16 mm. This was accomplished by visually inspécting the image
recorded on thermally sensitive paper. The energy density for each single shot was
measured to be 0.024 J/cmz. A .DFB laser operating at 7;=1550 nm, with a polarization
maintaining (PM) fibre pigtail, was on-off modulated with a square wave at 1 kHz
and the output radiation end-ﬁ‘re launched ‘into the MZi in the TE polarisation. The -

output of the MZI was directed onto an InGaAs detector through a 40x microscope
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objective. The signél was then fed into a lock-in amplifier and was monitored and
acquired by a computer.

Figure 3 shows the normalized output power as a function of the exposure time.
The periodic modulation characteristic arises from the UV induceci phase shift

according to:

2nAN L
2y =Tt e

where AN is the effective refractive index change, L is the length ofi the exposed
region (3 mm), and A is the wavelength. The output power response of .the MZI is
described by:
P,y =P, cos*(44) @)
A m radian phase shift requires an effective index change of 0.00025 according to
(1), for the wavelength and length under consideration. As the differential phase shift
increased with fluence, the MZI cycled through several on and off states with an
extinction ratio of -13 dB. This extinction ratio is believed to be limited by the
contribution of scattered light not passing through the MZI, being collected by the
lens. With a cumulative fluence of 72 J/cm®, a total phase shift of 8x radians was
observed, corresponding to a refractive index change of 0.0021. The chirped
modulation period shows that the rate of induced index change reduces with exposure

energy and saturates with longer exposure time. Figure 3 shows that the calculated




index change dgcayé approximately exponentially with eprsure time. Thé noisy
behavior after ISOOV secénds is attrihl.n.ed to the deéraded sfébility of the alignment of
the apparatus. The long-term stabﬂity of the index change is under investigation..

" To determine whether the indgced refractive index change is positi\./e or negative,
a further experimént was performed .on_‘ a rib wavegu'idekY junction as shown in Fig.
4(a). The waveguides are the same as those in the MZI, with an identical device being
cleaved in half to produce twb Y-junctions. A Window was opened, in a UV blocking
layer, on one arm of a Y-branch and part of the input waveguide, aé shown by the
-enclosed region in Fig. 4(a). UV irradiation was carried out as with the MZI, and the
power splitting ratio was monitored. Fig. 4(b) show; the modal power distributions
for the postﬁimmed Y-junction, and their relative iﬁtensity indicates the output
power ratio. Before exposure the power splitting ratio was 50:50 with +1% estimation
error, and this was trimmed to 46:54 after ~‘3000. shots,rshowing a décreaséd power
output from the branch gxposed to UV. This structur@ with feduced refractive index
An=-0.0021 in tHe enclosed region was simulated by the beam propagation method
(BeamPROPT’;f), and the modal power evolution along th¢ Y-junction was plotted in
Fig. 4(c). The power sphitting ratio at the end of the Y branch was found to be 40:60,
in reasonablé agreement with the experimental result. The discrepancy Between

theory and experiment is believed to be due to inaccuracy in placing the UV blocking



mask, which is modeled to be precisely aligned glong. the centre of the 2.5 um wide
input waveguide. Since there is no noticeable degradation of the modulation visibility
in Fig. 3 as fluence increases, UV induced excess loss at the signal wavelength is
ruled out. Therefore, this behavior indicates that UV exposure induces a negative
index change in the exposéd arm, as the optical p‘ower flows preferentially into the

arm with the higher refractive index.

IV. CoNCLUSION

In conclusion, we have fabricated a Mach-Zehnder interferometer using rib
Ta,Os waveguides and adjusted the optical path llength in one branch using UV
irradiation. Tuning over 4 periods was achieved through the differential photoinduced
phase shift between the two arms of the MZL. The device exhibits an extinction ratio
of -13 dB and a riegativé UV-induced refractive index change of 2.1 x 107, It is

notable that a substantial index change is obtained without any pretreatment such as

hydrogen loading, presenting behavior comparable to the intrinsically

UV-photosensitive germanosilica glass [16]. This result demonstrates the potential of
Ta;Os for compact optical waveguide devices in the 1.5 pum telecommunications
window, with the advantages of combined UV written and relief waveguide structures,

and the flexibility to correct fabrication errors through UV trimming.
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Figure Captions

Fig. 1. Configuration of the rib waveguide Mach-Zehnder interferometer (MZI): (a)
Top view of the MZI. The exposed region is enclosed by a dashed line. (b) Cross-
section view of the MZI. The thickness and refractive index of individual layers are:
Au (150 nm),' S1813 (n=1.6, 3um), Ta,0s (n=2, 1um) and SiO; (n=1.46, 2um).

" Fig. 2. Absorption spectrum for 1um thick TayOs.

Fig. 3. Output power as a function of exposure time. The dashed line shows the

calculated refractive index change.

Fig. 4(a) Top view of the rib waveguide Y-junction. The exposed region is enclosed
by a dashed line. (b) The output power of the two branches. The inset shows the
modal intensity profile recorded by the CCD camera. (c) The same structure

simulated by beam propagation method.
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